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Summary 

Of  primary  concern  in  erathquake-engineering  practice  is 
to  predict  the  vulnerability  of  building  structures  erected 
in  seismic  prone  areas.  It  is  intended  here,  to  emphasize 
the  role  and  importance  of  actual  soil-structure  inter- 
system  connectivity  in  vulnerability  analyses,  further  to 
harmonize  damage  evaluation  processes  with  the  limit  state 
design  philosophy. 

The  influence  of  soils  of  foundation  over  the  seismic 
I’enpotir.e  oP  structural  system  wan  found  to  In'  cons  i  do  rod 
in  earthquake  resistant  design  in  two  ways  as  follows: 

-  by  the  seismic  quality  of  soils  identified  as  soil 
pro  f  P  e.s  and 

-  by  the  elastic  or  plastic  support  condisitons  of  a 
given  structure. 

The  aim  of  this  work  is  to  give  quantitative  guide-lines 
to  damage  probability  assessments  in  correlation  with  the 
limit  state  design  strategy. 

1.  State  of  the  Art 

Design  and  detailing  of  basements  (foundations)  subjected 
to  combined  compression  and  bending  is  at  present  based 
qn  two  ossunipl, ions  as  far  as  the  failure  condition  is  con¬ 
sidered. 

Those  are  (Figure  1.) 

-  the  failure  condition  for  linear-elastic  soils 
described  by 


and 


"FT  =  1 

«  U 


(1.1) 


-  the  failure  condition  for  nonlinear  plastic  soils 
described  by 


M(1 


M. 


(1.2) 


where : 

N|(  is  the  ultimate  axial  force  in  pure  compression, 

and 

H  in  the  ultimate  hi« »iii- » ri  1%  in  pure  bending  of  the 

contact  area  of  lie  easement. 


•Sjr 


Considering  that  the  elastically  or  plastically  supported 
structure  under  earthquake  actions  suffers  displacements 
of  first  and  second  order,  structural  failure  may  occur  in 
two  different  ways: 

-  material  failure  in  ease  of  stiff  structures  and/or 
basements,  and 

-  stability  failure  in  case  of  sleader  structures  and/or 
basements.  (Figure  1.) 

if  it  is  iii tended  to  determine  the  capacity  of  the  base¬ 
ment  in  tC'-rns  of  seismic  coefficients  (C)  or  accelerations 
(a  =  9,810*10  C)  i  n  limit  state  situations,  one  start 
with  the  equilibrium  condition  expressed  with  the  equality 

«E  .  Mb  (1.3) 

where : 

Mg  is  the  external  moment  at  base  due  to  seismic 
actions, 

Mg  is  the  ultimate  moment  of  the  contact  are  being 
in  combined  bending  and  compression  such  as 
derived  from  Eqs  (1.1)  and  (1.2) 

M0  =  (1  -  N/Nu)  Mu  (1.1/a) 

in  elastic  range,  and 

"b  -  r(’  -  IT-)  Mu  (1.2/b) 

u  u 

in  plastic  range. 

The  moment  at  base  produced  by  seismic  actions,  consider¬ 
ing  ireonu-i. r j <;  nonlinearity  can  be  written  in  the  form  of: 

"e  ■  k(T)c  -tJ/ii  <1-4) 

c 

with 

k(T)  •••  n/T  is  the  site  dependent  dymanic  magnicifa- 
tion  factor, 

T  is  the  natural  period  of  the  soil-structure 

dual  system, 

n  i.s  the  site  factor,  depending  upon  the 

soil  profile, 

N  Ls  tin;  critical  (buckling)  load  of  the 

flexibly  supported  cantilever  structure. 


The  natural  period  can  bo  expressed  as 

T  =  Tg  \f  1  +  Tp  /T2  (1.5) 

where  the  period  of  the  elastic  structure  and  of  the  base¬ 
ment  can  bo  obtained  from  the  circular  frequencies 


CU 


2  KE 


NH' 


OJf  =  •  1o  k|o 
NH2 


On  the  other  hand,  the  critical  load  can  be  deduced  from 

N 


with 


Nc  = 


cs 


cs 


1+Ncs/NcF 
2,47  Ke 


(1.6) 


and 


cF  - 


k  fo 


Kp  the  bending  stiffness  of  the  super¬ 
structure,  -z 
kfo  =  Cf  Ip  =  C  f  B?l/12 

l’hisico-moenan i cal  property  cf  the  soil  under  investigation 
i.s  described  by  its  rotational  subgrade,  obtained  from 


2,2 


E. 


(kN/m  ,) 


(1.7) 


where : 

K  is  the  modulus  of  elasticity  of  the  soil, 

Ap  -  BL  is  the  contact  area, 

f  is  the  experimental  constant  range ing  between 
o,3o  fr  f  £o,45  . 

introducing  these  values  in  Eq  (1.3),  after  some  rearrange¬ 
ment  the  capacity  function  in  terms  of  seismic  coefficient 
yields  [43  : 

1 

FTT7 

under  elastic  conditions,  and 


N,  N  N,  N 

c  *  i-(i+  ?r)(ir)+fr(“N~) 

L-  c  u  c  u 


NuR 

irm 


(1.8) 


4 


C  = 


N  N 


1 


i-o+irKfl-)  +  rricr-)£ 


B 

TTT 


1 

kTFT 


under  plastic  conditions. 


(1.9) 


By  representing  the  graph  of  functions  (1.8)  and  (1.9), 
as  shown  in  Figure  5,  one  can  observe  the  upper  bounds  of 
the  capacity  of  the  basement,  associated  with  elastic  and 
plastic  presumtions  over  the  soil  behaviour. 

With  these  premises  in  mind  it  is  obvious  to  extend  soil- 
structure  interaction  analysis  over  tho  most  appropriate 
soil  model  characterized  by  material  nonlinearity. 


2.  Nonlinear  soil  behaviour 


Soils  in  most  of  cases  have  visco-elastic  properties  simu 
laled  in  ttiis  work  by  a  nonlinear  continuous  skeleton 
curve  (Figure  4.)  following  the  M-<f  interrelationship 
given  as 

M  2±_ 

W  *  ir-  - 

u  T  u 

where]/-]  is  the  rotational  ratio  of  tho  foundation  to 
■  '  the  ultimate. 


/'f  s2 

F 


(2.1) 


Tho  equilibrium  condition  (Eq  1.1)  than  provides  the  capa 
cit^  function  written  as 


C 


(1- 


1- 


N  N 

u  C 


B 

IT 


FT 


n  oo 


(2.2) 


Perturbance  sensitivity  of  the  selected  model  (Figure  2) 
can  be  analysed  with  the  help  of  deterministic  or  random 
variables  such  as: 

o  6  cC=  f/f  u  -  1,9 

whereflOl  marks  the  strength  and  stiffness  degradation 
process  during  seismic  actions,  further 

a  =  N/Nu;  b  =  Nu/Nc  2  1  and  X  =  H/B^1  stands,  for 

squat  (rigid) 


whereas  b  =  N  /N  <1.1  and  A  =  H/B  >  1  for  slender  structural 
u  L  systems. 

Perturbance  analysis  carried  out  on  the  one  mass  model  shows 
that  the  nonlinear  soil  behaviour  may  produce  instability 
situations  of  the  imperfect  system  prior  ultimate  capacity 
is  reached  (Figure  5),  in  other  words  the  stability  failure 
anticipates  the  material  failure.  In  this  case  the  capacity 
diagram  can  be  broken  up  into  two  branches,  a  stable  and  an 
unstable  branche.  The  point  of  divergency  or  the  peack  value 
of  capacity  function  is  obtainable  by  partial  derivations 
with  respect  to  independent  variables. 


3.  Rating  of  limit  states 


Present  Codes  prescribe  the  limit  state  strategy  by  estab¬ 
lishing  three  limit  states  (LS^;  i  =  1,  2,  3)  such  as: 

-  searceability  (SLS  *  LS^=^) 

-  failure  (ultimate)  (FLS  =  LS^^) 

-  collapse  (CLS  =  LSi=j) 
limit  states. 

In  possession  of  capacity  diagrams  (e.g.  Figure  5)  one  can 
proceed  with  partitioning  of  ordinates  •f/'fij  into  three 
ranges,  limited  by  values  representing  limit  state  situa¬ 
tions. 

The  exploitation  tendency  of  the  structure  in  accordance 
with  defined  goals,  calles  for  acceptability  criteria 
quantified  as  reliability  criteria  extended  over  limit 
situations,  -  limit  states. 

Reliability  in  structural  engineering  practice  is  by  defi¬ 
nition  the  probability  of  nonlimit  performance,  termed  as 
limit  stater.. 

The  structural  reliability  referred  to  a  given  limit  state 
i  (i-1,  2,  3)  extended  over  the  full  life  time  T  of  the 
structure,  is  quantified  by  the  reliability  (safety)  index 
written  os  Q14]: 


-  6  - 


whore : 

E(R.-S.)  is  tho  dirferonco  of  mathematical  expectations 
~  1  referred  to  independent  random  variables  in 

term  of  capacities  (R^)  and  actions  (S^), 

Var(R^+S^)  is  the  sum  of  variances  of  random  variables. 

The  probability  that  a  performance  limit  state  (LS. )  is  a 
attained  during  a  life  span  of  T  can  be  approximated  with 
the  relation  (I3j:  ° 

P(LS4LSi;  Tq)  =  46o  exp  j[ -4,  ?  (3  (Tq)J  (3.2) 

Making  use  of  Eq  (3.2)  and  accepting  reliability  levels 
taken  from  CEB-PIP  Recommendations,  classification  on 
probability  scale  can  be  obtained  as  shown  in  Table  1. 


Table  1 . 


LS. 

l 

Limit 

states 

Probability 

Reliability 

a  i(v50) 

1 

SLS 

^  -10-5 

>  4,0 

2 

FLS 

10-4 

3,3 

3 

CLS 

10_;$ 

3,0 

Translated  into  the  language  of  earthquake  engineers  the 
reliability  index  becomes 


E(ai  -  asi) 


(3.3) 


8si) 


with  simbols: 


is  tho  capacity  in  term  of  acceleration  taken 
from  partitioned  capacity  functions, 

a  _ .  is  tho  si.tr  dependent  pnack  aeeel  era t i  on . 


-  7  - 


Since  the  calculated  capacities  are  supported  by  nominal 
or  expected  (mean)  values,  (admitting  generally  normal 
distribution  low  for  capacities)  a.  represents  a  probabi¬ 
lity  level  of  50  #. 


The  "counter"  value  of  the  site  dependent  acceleration  as^ 
aiming  to  maintain  the  reliability  level  adopted  fox*  toJ" 
normal  statical  loadings,  has  to  be  derived  from 


asi  =  ai  -  fix^o)  yvar(asi+ai)  (3.4) 


On  the  other  hand  the  probability  of  50  %  in  occurrence 
of  the  site  dependent  (as.)  peaek  acceleration  can  be  ob¬ 
tained  with  the  help  of  lttcal  Poisson  or  Gumbel  (Type  I) 
probability  distribution  models. 

It  is  also  acceptable  to  derive  the  50  #  probability  level 
from  the  equality 

P(a^a  ;  T  )  =  exp  (-  ^-)  =  o,5  (3.5) 

J  t  , 


where : 


t  .  represents  the  return  period  or  period  of 

repetition  of  accelerations  at  level  a  .. 

s  J 


Finally,  the  equality 


a  .  =  a  • 
81  SO 


(3.6) 


provides  the  value  of  the  variance 


|var  (asi  +  a^ 


4.  Rating  of  structural  damages 


Capacity  diagrams  can  also  be  used  to  estimate  structural 
damages  by  sca.lingo£  =  |  /'Pu  or(iinates  into  limit  state 
ranges  (Figure  6.7  > 

The  stable  branche  of  diagrams  divided  into  two  parts  is 
suitable  to  inform  about  SLS  and  FLS  ranges,  whereas  the 
unstable  branche  indicates  the  CLS  range  as  listed  in 
Table  2. 


The  harmonization  of  limit  state  situations  with  damage  rates 
can  be  achived  by  subdividing  limit  state  ranges  into  damage 
degree  (DD  =  D./D.)  ranges.  The  suggested  damage  rating  is 
shown  in  Table13. 

Table  3. 


-  9  - 


9.  Conclusions 


5.1  Soft  soils  require  a  more  detailed  analysis  of  the 
material  nonlinearity  of  support  conditions,  whereas 
slender  superstructures  involve  the  account  of  geo¬ 
metric  nonlinearity. 

In  both  cases  the  stability  failure  can  occur  prior 
to  material  failure. 

5.2  Theories  of  elasticity  and  plasticity  in  soil-structure 
interaction  efficiency  are  suitable  to  indicate  upper 
and  lower  bounds  for  safe  design. 


5. 7  The  harmonization  of  limit  design  philosophy  with 
damage  rate  evaluation  can  be  refined  on  the  basis 
suggested  in  this  work,  taking  into  account  scaled 
limit  capacities  of  structural  systems. 


-  10  - 
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Failure  Conditions: 

a)  linear  elastic  soil  model 
bj  plastic  soil  model 
o <j  material  failure 
fy  stability  failure 


Figure :  1 


Model  Structure  on  Flexible 
Support 

Figure  2 


Upper -  Bound  Diagrams  for 
Seismic  Zone  Factors 

t  ,  elastic  soil  behaviour 
-  plastic  soil  behaviour 


Figure:  3. 


t  c 


'  °max/9  Seismic  Zone  Coefficient 

-  n  - 


0,091 


Q  •  N/N(j  •  //3  • 


Cp  -  150MN/m3 


Perturbance  Sensitivity  of  the  model 
structure 

P 

* 


% 


-  1',  - 


Limit  Slate  Ranges  of  the  Basement 
aj.  rigid  soil  -  structure  system 
bj.  flexibile  (slender)  soil-  structure  system 
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ABSTRACT 

The  earthquake  hazard  can  be  expressed  in  different  ways  : 
■from  simple  observed  macroseismic  ■fields  over  the  se i smosta t i s- 
tical  calculations  analyzing  earthquake  occurrences  in  time  and 
space  and  assessing  their  dynamic  effects  in  a  certain  site  or 
region  up  to  soph ist icated  seismogeological  approaches  evaluating 
the  maximum  expected  earthquake  effects  on  the  Earth's  surface. 
Advantages  and  shortcomings  of  each  method,  ways  of  source  re¬ 
gions  delineation,  testing  the  quality  of  input  data,  their 
processing  to  suit  the  chosen  method  of  hazard  assessment,  appli¬ 
cation  of  mutually  dependent  or  independent  earthquakes  in  the 
computations,  estimates  of  the  maximum  expected  earthquake  magni¬ 
tude,  procedures  of  the  attenuation  relationships  as  well  as  the 
extent  of  respective  errors  will  be  presented.  Prospects  of 
earthquake  hazard  assessments  and  their  calculation  techniques  in 
the  near  future  will  be  discussed. 


1.  INTRODUCTION 

Human  and  material  losses  caused  by  earthquakes  are  continu¬ 
ously  increasing  because  of  (a)  the  concentration  of  population 
and  industry  in  large  urban  agglomerations,  (b)  new  settlements 
in  the  already  density  populated  areas,  and'(c)  natural  growth  of 
population.  Even  through  new  construction  technologies  have  been 
introduced  in  the  recent  years  and  earthquake-resistant  struc¬ 
tures  have  become  more  common,  the  losses  are  ever  greeter.  In 
order  to  make  protection  and  prevention  most  effective,  the  new 
body  of  knowledge  achieved  by  geosc ien t if ic  research  has  to  be 
applied  to  hazard  assessments,  and  new  and  more  sophisticated 
approaches  to  input  data  processing  have  to  be  adopted.  Then 
immediate  applications  of  such  results  to  earthquake  engineering 
allow  us  to  reduce  essentially  the  losses.  From  the  viewpoint  of 
designers,  the  requirement  is  to  express  the  seismic  hazard  in 
terms  of  vibration,  especially  in  the  time  history  of  accelera¬ 
tion  or  its  parameters  (amplitude,  frequency,  duration,  etc.), 
and  in  terms  of  probability  of  an  earthquake  effect  occurrence  in 
the  future. 


2.  EARTHQUAKE  HAZARD  REPRESENTATIONS 
2.1  What  do  we  understand  under  the  term  " se i sm ic ’ hazard"  ? 

The  seismic  hazard  is  defined  as  a  probability  of  occurrence 
of  earthquke  effects  given  in  units  of  a  certain  dynamic  level  of 
vibrations  which  can  be  expected  in  a  particular  region  (or  site) 
within  a  certain  time  period.  Oery  often,  however,  in  various 
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works  w*  come  across  the  term  "seismic  risk",  the  meaning  of 
which  is  frequently  confused  with  the  term  "seismic  hazard*.  What 
do  we  then  understand  under  the  seismic  risk  ?  The  seismic  risk 
is  defined  as  a  probability  that  earthquake  consequences  (techni¬ 
cal,  economic  or  social)  with  reach  or  exceed  certain  values  in  a 
region  <or  site)  within  a  certain  exposure  time.  The  final  result 
of  the  seismic  hazard  analysis  is  the  determination  of  the  proba¬ 
bility  of  occurrence  of  a  natural  phenomenon,  while  the  final 
result  of  the  seismic  risk  analysis  is  a  function  of  the  inter¬ 
relation  between  that  natural  phenomenon  < in  our  case  earthquake 
effects)  and  the  total  human  activity. 

In  the  last  two  decades,  perhaps  every  seismologist  has  made 
a  contribution  to  the  solution  of  the  problems  of  seismic  hazard. 
Apart  from  a  host  of  most  varied  results,  this  vivid  interest  in 
representing  the  seismic  hazard  has  also  produced  their  mutual 
heterogeneity.  For  one  thing,  the  heterogeneity  is  caused  by  the 
par t ic ipat ion  of  a  great  number  of  seismologists  and  specialists, 
and  by  the  quality  of  input  data,  for  the  other.  Even  though  the 
Influence  of  a  subject  cannot  be  neglected,  it  can  be  demon¬ 
strated  that  it  is. the  input  data  that  have  produced  the  many 
variants  of  seismic  hazard  representation.  We  can  find  such  that 
suit  the  regions  of  a  higher  or  lower  seismic  activity,  longer  or 
relatively  short  observation  periods,  better  or  worse  seismologi- 
cal  reconnaissance  of  a  region,  etc.  For  this  reason,  in  the 
following  part  of  this  paper  I  will  not  only  concentrate  on  the 
general  characteristics  of  seismic  hazard  representations  and  the 
causes  of  their  origin,  but  also  on  the  possibilities  to  prevent 
the  differencies  or  to  restrict  them  the  least  possible  measure. 


2.2  Two-parametric  earthquake  hazard 

If  we  skip  the  problem  of  probability  determination  from 
the  definition  of  the  seismic  hazard,  the  problem  of  occurrence 
of  earthquake  effects  in  a  certain  region  within  a  certain  time 
period  remains.  Such  data  can  be  assumed  in  a  sense  as  the  simpl¬ 
est  representation  of  seismic  hazard,  because  they  provide  us 
with  the  knowledge  on  occurrences  of  earthquake  effects  within  a 
known  observation  period.  Then  consequently,  they  may  be  desig¬ 
nated  as  the  "two-parametric"  seismic  hazard  representation, 
i.e.,  they  express  the  relation  between  earthquake  effects  and 
observation  time. 

There  are  a  lot  of  materials  describing  damaging  or  distruc- 
t  ive  effects  of  some  historical  events  without  giving  any  other 
information.  Although  these  materials  often  constitute  only  sin¬ 
gular  reports,  or  at  best,  they  are  incorporated  in  the  maps  of 
certain  earthquake  effects,  they  have  to  be  taken  into  account 
and  attributed  the  simplest  degree  of  seismic  hazard  representa- 
t  ion . 

It  is  evident  that  in  the  most  conservative  approach,  only 
observations  from  the  past  define  the  model  of  future  activity. 
These  models  naturally  assume  a  stability  in  the  earthquake 
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snergv  relaase  processes.  According  to  the  reports  of  observed 
historical  and  present  earthquake  effects,  different  levels  of 
the  two-parametric  representation  of  seismic  hazard  can  be  dis¬ 
tinguished! 


i  )  mac  rose i sm i c  field  of  one  earthquake, 

ii)  macroseismic  field  of  the  earthquake,  which  is  suggested  to 
be  close  to  a  maximum  expected  shock,  and 

iii)  map  of  the  maximum  observed  intensities,  which  is  a  result 
of  the  summation  of  all  macroseismic  effects  having  occurred 
during  a  certain  period. 

The  mentioned  fields  and  map  can  be  converted  to  the  level  of  the 
maximum  expected  earthquake  (SCHENK  1984)  and  then  other  two  two- 
parametric  represen  tat  ions  of  seismic  hazard  can  be  obtained: 

iv)  macroseismic  fields  of  the  maximum  expected  earthquake  ef¬ 
fects  for  given  focal  zone  and 

v)  map  of  the  maximum  expected  macroseismic  intensities  over 
the  area  under  interest. 

It  is  well-known  that  <  i  i  i  >  "maps  of  the  maximum  observed 
intensity"  are  frequntly  annexed  to  many  national  construction 
standards  and  codes,  and  they  provide  the  basis  to  introducing 
respective  measures  towards  increasing  the  seismic  resistance  of 
building  structures.  In  terms  of  the  IAEA  recommendation  (Safety 
Guides),  they  can  thus  be  regarded  as  the  first  approximations  of 
"the  site  design  earthquake".  Consequently,  (v)  "the  maps  of  the 
maximum  expected  intensity"  can  be  assumed  to  be  the  simplest 
version  of  the  macroseismic  effects  marked  in  the  IAEA  recommen¬ 
dations  as  “the  safe  shutdown  earthquake”. 

As  in  the  case  of  the  two-parametric  hazard  representations, 
maps  of  individual  dynamic  parameters  of  strong  ground  motions 
can  be  compiled.  Though  earthquake  engineers  have  not  lately 
focused  their  interest  on  one  or  two  wave  parameters  only,  it  can 
be  stated  that  the  so  far  compiled  maps  are 

vi)  map  of  the  maximum  iso-accelerations  of  one  earthquake,  and 

vii)  map  of  the  maximum  iso-accelerations,  which  is  the  result  of 
the  summation  of  all  known  maximum  acceleration  data  record¬ 
ed  over  the  given  area  during  a  certain  observation  period. 

Naturally,  with  the  growing  number  of  permanent  seismological 
stations  equipped  with  strong  motion  recorders,  the  observation 
networks  in  seismoactive  regions  are  becoming  denser  and  there¬ 
fore  it  can  be  expected  in  the  future  that  not  only  maps  of 
maximum  iso-accelerations  but  also  of  maximum  iso-velocities  and 
iso-displacements  will  be  compiled.  A  question  arises  whwther 
analogous  maps  can  be  constructed  e.g.  for  the  predominant  fre¬ 
quency  or  the  total  duration  of  a  vibration,  and  whether  the  maps 
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would  be  applicable  in  practice. 

A*  in  the  previous  approach  to  macroseismic  and  strong 
motion  data,  there  are  other  possible  simple  representations 
based  on  distributions  of  all  events  or  some  events  only  defined 
by  a  certain  magnitude  level  over  the  studied  area  : 

viii  map  of  earthquake  epicentres  $  such  a  map  can  be  assumed  as 
a  seismic  zoning  map  (or  map  of  earthquake  source  regions) 
without  or  with  respect  of  the  return  period, 

ix)  maps  of  the  number  of  events  occurred  on  a  given  area, 

x>  maps  of  the  earthquake  energy  flux  released  by  the  given 
area  or  space  and  during  a  given  time  period  ;  such  a  map  is 
expressed  in  isolines  of  energy, 

xi)  maps  of  the  maximum  earthquake  magnitudes  originated  within 
the  area  under  study. 

Since  earthquake  distributions  can  be  relatively  simply 
connected  with  a  rough  assessing  of  their  effects  on  the  Earth's 
surface,  then  the  mentioned  maps  can  also  be  included  in  a  cer¬ 
tain  sense  into  the  group  of  the  two-parametric  representations 
of  seismic  hazard.  Such  maps  are  often  called  "seismic  zoning 
maps"  or  "maps  of  earthquake  source  regions",  which  sometimes 
have  or  have  not  any  respect  to  the  return  period.  These  zoning 
maps  do  not  introduce  any  other  additional  information  and  only 
reflect  the  surface  distribution  of  observed  effects  or  parame¬ 
ters.  Also  the  procedures  of  observation  smoothing  and  drawing  of 
isolines  are  sometimes  considerably  afflicted  with  subjective 
personal  judgement.  We  can  see  that  this  approach  can  hardly  be 
applied  in  regions  of  low  seismicity.  In  this  case  it  is  necessa¬ 
ry  to  broaden  the  knowledge  on  earthquake  activity  by  including 
other  sophisticated  aspects  <e.g.,  geological  or  se ismotec ton  ic 
criteria)  to  assessboth  stronger  events  and  events  in  new  places. 

The  last  kind  of  maps  that  can  be  included  into  the  group  of 
two-parametric  earthquake  hazard  maps  are  those  based  on  the 
relationship  of  seismic  activity  to  the  tectonic  manifestations 
of  the  geological  units.  The  knowledge  of  the  motion  potential  of 
individual  geological  blocks  and  of  the  orientation  of  the  stress 
field  in  the  region,  or  possibly  the  dependences  known  for  the 
region  between  the  earthquake  magnitude,  the  fault  plane  size, 
the  thickness  of  the  seismoact  ive  layer,  etc.,  enable  the  con¬ 
struction  of  the  map  of  maximum  seismic  hazard  of  the  respective 
area.  Unless  a  part  of  the  above-mentioned  dependences  is  known 
for  the  area  under  study,  the  dependences  established  earlier  in 
analogous  geological  conditions  are  used  in  some  cases.  The 
reliability  of  the  thus  determined  maximum  seismic  hazard  obvi¬ 
ously  depends  not  only  on  the  quality  of  the  geological  and 
se  Ismotec ton ic  finding  on  the  study  area,  but  very  ofter  on  the 
selection  of  analogous  dependences  in  other  areas,  which  are 
included  in  the  particular  procedure.  The  resultant  maps  of 
seismic  hazard  have  the  character  of  deterministically  determined 
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maximum  possible  and/or  expected  earthquakes,  and  can  thus  be 
regarded  as  a  variant  the  maps  giving  11  the  safe  shutdown 
earthquake”  . 


2.3  Three-  and  more-parametric  earthquake  hazard 


I 

i 


At  present  the  seismostat ist ical  approach  involves  three 
basic  steps: 

a)  definition  of  the  earthquake  source  region:  its  delineation, 
determination  of  its  se i smogenet  ic  regime  including  an  esti¬ 
mate  of  the  maximum  possible  earthquake, 

b)  determination  of  attenuation  functions  for  strong  ground 
motions  and/or  macroseismic  intensity  including  the  local 
seismogeological  effects  (microzoning),  and 

c)  probabilistic  algorithms  of  hazard  calculations. 

Steps  (a)  and  <b)  are  composed  of  several  operations  under  which 
the  input  data  for  the  third  <c>  step  are  prepared.  It  is  evident 
that  the  accurracy  of  the  data  depends  first  of  all  on  the  avai¬ 
lability  of  homogeneous  earthquake  information  from  the  largest 
possible  time  span  and  on  appropriate  additional  geological, 
geophysical,  geodetic,  etc.  data.  As  the  questions  connected  with 
the  preparation  of  input  data  for  a  statistical  calculation  of 
the  seismic  hazard  will  be  discussed  later,  this  paragraph  will 
only  treat  the  third  item,  i.e.  the  algorithms  of  the  probabilis¬ 
tic  determination  of  the  seismic  hazard. 

The  first  attempt  to  formalize  the  se ismostat ist ical  method 
of  calculation  (RIZNICHENKO  1?6<6>  was  based  on  determining  the 
probability  of  earthquake  effect  occurrence  in  a  site  or  area 
from  the  knowledge  of  the  cumulative  distribution  of  the  effects 
known  during  a  given  observation  period.  RIZNICHENKO  denoted  the 
resultant  parameter  as  ■ shakeab i 1 i ty“  and  defined  it  as  a  long¬ 
term  mean  frequency  of  recurrence  of  shaking  of  macroseismic 
intensity  at  a  particular  site.  This  method  of  determining  seis¬ 
mic  hazard  can  be  essentially  characterized  in  the  following  way: 
if  a  particular  site  is  endangered  by  several  earthquake  source 
regions,  for  which  we  know  e.g.  intens i ty-f r equency  graphs,  after 
introducing  the  attenuation  between  these  regions  and  the  site, 
we  can  found  the  recurrence  graph  of  cumulative  effects  for  the 
site,  normalized  to  a  time  period  of  one  year.  Then  the  effects 
corresponding  to  e.g.  the  value  N  =»  0.  1  are  attributed  occur¬ 
rence  periodicity  once  in  ten  years,  the  value  N  *  0.01  occur- 


To  extend  the  seismic  hazard  representations  to  the  proba¬ 
bility  of  earthquake  effect  occurrence,  the  statistical  analysis 
and  procedures  have  to  be  applied.  They  allow  the  probability  of 
earthquake  occurrences  to  be  assessed  not  only  in  time  (predic¬ 
tion  to  the  future)  but  also  in  size  (the  maximum  expected  and/or 
possible  earthquake).  Of  course,  the  time  stability  of  earthquake 
energy  release  is  again  assumed. 
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rence  periodicity  one?  in  a  hundred  years,  etc.  The  occurrence 
periodicity,  also  referred  to  as  "the  return  period",  is  thus 
defined  by  a  reciprocal  value  of  the  cumulative  frequency  of 
annual  occurrence  of  a  particular  earthquake  effect.  If  these 
return  periods  do  not  much  exceed  the  range  of  the  observation 
period,  from  which  the  cumulative  distribution  of  effects  was 
compiled,  then  the  obtained  results  are  very  close  to  those  we 
obtain  with  the  use  of  soph ist icated  seismostat ist ical  models. 
But  the  more  the  return  period  exceeds  the  observation  period, 
the  less  dependable  results  we  obtain,  and  it  often  happends  that 
an  author  fails  to  consider  this  fact  and  consequently,  the 
hazard  assessments  are  completely  false. 

Even  though  the  method  of  determining  three-parametric 
earthquake  hazard  is  greatly  simplified,  it  is  frequently  used. 
Its  advantage  is  that  itcan  be  easily  understood  logically  and 
that  the  results  obtained  can  be  verified  in  a  simple  way  on  real 
data.  It  is  obvious,  however,  that  inferior-quality  input  data 
nay  adversely  influence  or  even  devalue  the  seismic  hazard  in  the 
same  manner  as  in  other  statistical  approaches  as  shown  later. 

Later  RIZNICHENKO  and  SEIDUZOltt  <1984)  developed  this  method 
>.  further  and  introduced  the  definition  of  “spectral*  shakeabili- 
ty,  in  which  the  level  of  shaking  (intensity)  relates  to  the  wave 
period  of  given  vibrations. 

In  1968  CORNELL  published  the  approach  which  has  become  the 
standard  methodology  of  seismic  hazard  assessment  used  up  to  now. 
It  is  based  on  the  calculation  of  the  conditional  cumulative 
probability  distribution  F(I>  ,  which  is  the  ratio  between  the 
number  of  expected  occurrences  with  0I^I  and  Mmin  to 

the  total  number  of  expected  occurrences  (M  Mmin).  The  distri¬ 
bution  is  given  in  the  form 

F<I>  >  Z  N;/;2  ,  (1) 

i-1  i-1 

where  Ni  are  the  corresponding  numbers  of  occurrence  of  I^_,,<  I 
<  Iv  ,  Iv  being  the  discrete  intensity  boundaries  (  i-1, 2,.. mi 
J<-m  ).  The  condition  requires  an  occurrence  of  earthquakes  with 
magnitude  M  equal  to  or  greater  than  some  minimum  magnitude 
htnin  which  has  occurred  in  a  given  source  region. 

The  average  number  of  events  that  must  occur  for  an  intensi¬ 
ty  exceeding  I  to  be  attained  is  defined  by  the  relation  _ 

R<  I >  -1/(1-  F( I >  )  .  (2) 

The  quantity  R(!)  is  a  parameter  of  engineering  interest  and  is 
sometimes  termed  “the  return  period”,  however,  R(I)  .expresses  the 
number  of  events.  On  the  other  hand  the  return  period  Ry(I) 
expressed  in  years  is  given  by  the  ratio  between  R(I)  and  the 
expected  number  of  events  (M  Mmin)  for  one  year,  i.e., 
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Ry<  I  > 


R  <  I  > 


Ry< I >  *  R< I > 

m 

/  X  Mi 
i=  1 

<  3) 

Thus,  tha 
different 
and  Ry< I ) 

Ry< I )  gives  the  number 
seismic  levels  per  year, 
are  calculated  for  each 

of  occurrences  expected 
The  values  of  F<I)  , 
level  1^  . 

at 
R<  I ) 

The  extreme  probability  distribution  Fmax<I>  can 
obtained  from  the  cumulative  probabil ity  distribution  F<I) 
invoking  several  simple  assumptions.  Then 

be 

by 

Fmax,t<I)  *  exp  < 

-t  /  Ry<l>  ) 

<4) 

Putting  the  equation  in  a  logarithmic  -form,  we  obtain 


Ry  <  I )  =  -t  /  In  Fmax,t<I)  .  <5) 

If  t  *  Ry<I)  ,  i.e.  the  number  of  years  in  the  period  of  inte¬ 
rest  equals  the  return  period  in  years,  then  Fmax,t<I)  =  1  /  e  = 
=  0.3?  . 


Thus,  this  statistical  three-parametrical  approach  of 
earthquake  hazard  assessment  elaborated  by  CORNELL  allows  us  to 
determine 

-  the  return  periods  Ry<I)  of  the  given  maximum  intensity 
I  at  a  selected  site,  which  will  r.ot  be  exceeded  with 
the  probability  Fmax,t<I>  in  a  given  number  of  years  t, 


or 

-  on  the  contrary,  for  the  given  return  periods  Ry< I ) ,  the 
probabilities  Fmax,t<I)  that  the  maximum  intensity  'I 
at  a  selected  site  will  not  be  exceeded  over  a  given 
number  of  years  t  . 

Of  course,  there  are  other  authors  who  modified  the  procedures 
mentioned  above,  compiled  different  numerical  algorithms  applied 
in  computer  techniques,  but  the  principal  steps  remain  the  same. 

A  widely  used  computer  program  is  EQRISK  compiled  by  McGUIRE 
<1976),  which  is  based  on  Cornell's  algorithm  of  determining 
seismic  hazard.  Its  advantage  is  easy  manipulation  with  input 
data,  its  disadvantage  being  a  substantial  s impl if icat ion  of  the 
medium  attenuation  characteristics,  with  only  one  attenuation  law 
applied  to  the  entire  area.  This  shortcoming  can  be  overcome  e.g. 
by  the  introduction  of  elliptic  isoseismals  into  the  computation 
< MAYER- ROSA  and  and  MERZ ,  1976),  etc. 

On  the  basis  of  Cornell's  algorithm,  ALGERM1 SSEN  and  PERKINS 
<1976)  compiled  program  RISK4A.  Compared  with  the  preceding  one, 
this  program  is  not  so  easy  to  operatefbut  it  allows  the  intro¬ 
duction  of  particular  attenuations  of  the  medium  between  the 
source  region  and  the  site,  and  of  the  computation  of  the  seismic 
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hazard  -for  arbitrary  occurrence  probabilities  in  dependence  on 
the  required  return  period.  The  original  version  of  this  program, 
allowing  the  seismic  hazard  to  be  determined  in  particle  motions 
<e.g.  accelerations),  was  modified  to  be  used  also  for  computing 
mac  rose  ism ic  intensities  ( SCHENK OVA  et  al .  1981). 

A  comparisch  of  the  seismic  hazard  values  determined  by  both 
the  mentioned  programs  has  revealed  that  the  values  given  by 
program  EQR1SK  more  or  less  correspond  to  probabilities 
Fmax,t(I>  *  3?  V.  (relation  (5>). 

There  are  of  course  other  programs  based  on  Cornell's  algo¬ 
rithm  to  determine  seismic  hazard,  which,  apart  from  maximum 
values  of  particle  motions,  determine  e.g.  the  probable  character 
of  seismic  vibrations  (ANDERSON  and  TRIFUNAC,  1978)  that  may 
appear  in  a  particular  site. 

All  the  currently  used  programs  of  computing  seismic  hazard 
conceived  on  the  basis  of  Cornell's  algorithm  assume  that  the 
occurrences  of  earthquakes  constitute  a  Poisson  process.  Attempts 
are  made  to  introduce  in  the  calculation  model  also  Bayesian 
distribution  or  to  use  Markov  processes,  as  well  as  to  include 
the  clustering  of  earthquakes.  This  activity,  however,  gives  rise 
to  considerable  analytical  complications.  Anyway,  in  most  cases 
the  Poisson  process  seems  to  provide  useful  and  adequate  informa- 
t  ion . 


Implicit  in  all  the  models  proposed  for  seismic  hazard 
evaluation  (specifically  those  based  on  Cornell's  algorithm),  is 
the  assumption  that  the  energy  released  during  an  earthquake  is 
concentrated  at  a  point,  and  thus  these  models  will  be  referred 
to  as  "point  source"  models.  While  this  assumption  is  acceptable 
for  small  earthquakes,  it  would  not  be  valid  for  major  earth¬ 
quakes  in  which  the  total  energy  of  the  shocks  is  composed  of  the 
energy  released  along  the  fault  slips  which  could  be  many  tens  or 
hundreds  of  kilometers  long. 

This  fact  conditioned  the  compilation  of  computer  programs 
making  use  of  the  linear  source.  DerKI UREGHIAN  ( 1975)  closely 
studied  this  problem,  testing  the  differences  in  the  use  of  point 
and  linear  sources.  McGUIRE  (1977)  compiled  program  FRISK,  which 
enables  the  seismic  hazard  to  be  determined  with  respect  to  the 
fault  position.  In  applying  these  methods,  however,  we  often  come 
across  the  problem  of  defining  faults  in  a  given  region,  its 
continuation  down  to  the  depth,  and  particularly  the  problems  of 
defining  its  selsmoactlve  parts.  The  determination  of  these  para¬ 
meters  invariably  depends  on  the  unamblguity  of  a  geological 
region,  and  its  character  is  thus  strictly  deterministic.  Since 
any  probabilistic  screening  of  input  data  is  dismissed,  this 
approach  may  sometimes  lead  to  better  results,  but  cases  of  false 
results  or  even  of  errors  cannot  be  excluded,  either. 
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3. 


EARTHQUAKE  CATALOGUE  AND  ITS  UNCERTAINTIES 


A  catalogue  represents  a  basic  seismological  tool  to  -find 
and  deduce  other  fundamental  characteristics  describing  the  para¬ 
meters  of  the  seismic  activity  of . a  given  region  and  allowing  us 
to  def ine  se ismogenet ic  zones.  It  is  evident  that  the  homogeneity 
of  its  parameters  in  time  and  space  as  well  as  their  uniformity 
in  determination  are  the  guarantee  for  the  subsequent  data  mana¬ 
gement  and  calculation.  It  means  that  an  earthquake  catalogue 
cannot  originate  by  a  simple  collection  of  information  from 
different  sources  without  critical  unification. 

The  present  seismological  centres  and  agencies  suggest  these 
earthquake  parameters  to  be  included  in  the  basic  file  :  date, 
origin  time,  geographic  coordinates,  depth,  magnitude  (surface- 
and  body  -wave,'  local),  epicentral  intensity  and  radii  of  iso- 
seismals,  if  the  event  is  macroseismical Ly  observed.  All  parame¬ 
ters  should  be  accompanied  by  the  quality  factor.  Of  course,  both 
instrumental  and  macroseismic  data  as  well  as  references  (sta¬ 
tions,  bulletins,  isoseismal  maps,  monographs,  reports)  are  wel¬ 
comed  and  advisable.  Then  such  a  catalogue  can  serve  research 
tasks  and  applications  as  well. 

Many  good  national  and  regional  catalogues  have  been  com¬ 
piled  during  the  last  two  decades,  evidently  also  under  the 
pressure  of  practical  requirements  for  a  sound  seismic  hazard 
analysis.  In  Europe  and  in  the  Mediterranean  there  are  prepared 
such  catalogues  for  Algeria,  the  Alps,  the  Balkans,  the  Caucasus, 
Central  and  Eastern  Europe,  the  Iberian  Peninsula,  Great  Britain, 
the  Pyrenean  Peninsula,  Scandinavia,  etc.  The  USSR  catalogue  of 
strong  earthquakes  (Eds.  KONDORSKAYA  and  SHEBALIN  1977)  is  re¬ 
markable  by  the  serious  attempt  to  indicate  the  accuracy  of 
parameters  by  estimates  of  errors;  the  catalogue  is  also  inter¬ 
esting  by  giving  different  types  of  magnitudes  and  all  know  mean 
radii  of  isoseismal s. 

For  hazard  assessments,  however,  a  much  longer  time  span  of 
observations  is  needed  than  one  or  two  decades.  Thus  fhe  main 
difficulty  seismologists  face  is  to  collect  and  unify  reliable 
information  from  the  whole  historical  period.  It  has  to  be  empha¬ 
sized  that  one  should  not  be  satisfied  with  what  is  easily  found 
in  publications  describing  historical  events.  They  often  contain 
information  which  was  transcribed  several  times,  one  author  co¬ 
pied  it  from  another,  and  this  gave  rise  to  misprints,  errors  and 
translation  mistakes.  It  is  highly  desirable  to  search  in  origi¬ 
nal  documents,  which  brings  not  only  new  data  but  also  eliminates 
serious  mistakes.  The  work  of  AMBRASEYS  and  MELVILLE  ( 19B2)  on 
Persia  is  a  typical  example  of  such  an  effort. 


3.1  Coordinates  of  earthquake  origin 

As  to  epicentre  geographic  coordinates,  it  is  acK'isable  to 
recompute  or  at  least  to  check  them  when  we  use  agency's  data 
from  the  first  half  of  this  century,  because  of  the  inadequate 
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density  and  distribution  of  seismic  stations  at  that  time.  Fre¬ 
quently,  so  called  macroseismic  epicentres  are  more  reliable  than 
the  instrumental  ones  -from  the  above  mentioned  period. 

The  problem  of  -focal  depth  in  the  catalogues  is  undoubtedly 
a  sign  if  leant  parameter-,  however,  only  very  dense  station  net¬ 
works  can  guarantee  a  reliable  depth  determination.  For  a  majori¬ 
ty  o-f  events  the  instrumental  depths  down  to  50-60  km,  i.e.  in 
the  domain  o-f  "normal*  or  "shallow"  earthquakes.  Deep  phases  of  P 
wave  permit  the  depth  determination  to  be  more  reliable  for 
intermediate  and  deep  shocks. 


3.2  Earthquake  magnitude 

It  is  imperative  that  every  catalogue  should  contain  clearly 
defined  magnitudes.  If  several  magnitudes  are  used  in  one  catalo¬ 
gue,  the  conversion  formulae  and  all  calibration  curves  should  be 
presented  too.  Misleading  results  can  be  obtained  if  earthquakes 
classified  by  different  types  of  magnitudes  <ma  ,  M*.  or  ML  )  are 
mixed  together  and  a  magnitude-frequency  graph  is  compiled.  Con¬ 
sequently,  if  such  data  are  used  in  analyses  which  lead  to  the 
standardization  and/or  time  normalization  of  this  recurrence 
graph,  to  the  maximum  possible  earthquake  determination,  to  the 
finding  of  any  energy  rele'ase  pattern,  etc.,  the  obtained  results 
are  wrong  too. 

At  present,  there  are  many  catalogues  having  a  global, 
regional  or  national  validity.  The  catalogue  by  GUTENBERG  and 
RICHTER  <1949)  covering  the  first  half  of  the  20th  century  still 
remains  very  useful  because  of  uniform  magnitude  determination, 
however,  it  is  complete  only  above  7  .  The  more  recent 
document  for  the  period  1904-1980  is  the  global  catalogue  by  ABE 
<1981)  completed  above  Ms™  6  3/4  .  In  the  other  global  source, 
the  International  Seismol oglcal  Summary  (ISS),  information  is 
lacking  on  the  size  of  events,  and  in  bulletins  of  the  Interna¬ 
tional  Selsmological  Centre  (ISC),  though  they  have  been  issued 
since  1963  with  more  advanced  procedures  of  parameter  determina¬ 
tion,  for  many  years  only  body  wave  magnitudes  mg  were  used  for 
size  classification  of  events.  The  users  have  to  be  aware  of  the 
limitations  of  this  scale  which  saturates  at  about  6  1/2 
(KANAMORI  1983).  Therefore  mg  values  are  not  suitable  for  sta¬ 
tistical  studies  involving  large  events.*  Only  since  1981  do  the 
bulletins  of  ISC  and  of  NE1S  regularly  contain  surface  wave 
magnitudes  based  on  the  vertical  component  of  Rayleigh  waves, 
i.e.,  the  situation  in  the  domain  of  large  events  has  been  im¬ 
proved. 

3.3  Macroseismic  data 

Macroseismic  Information,  at  least  the  epicentral  and  maxi¬ 
mum  observed  intensity,  is  often  included  in  many  earthquake 
catalogues.  If  the  radius  of  the  shaken  area  and  some  radii  of 
isoselsmals,  e.g.  r5  and  r3  recommended  as  standard,  are  added  in 
a  catalogue,  then  the  first  attempt  to  assess  the  attenuation  law 
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can  be  made.  It  is  evident  that  isoseismal  maps  are  still  the 
main  sogrce  of  in-formation  on  attenuation  if  intensity  is  that 
quantity  defining  seismic  hazard.  The  isoseismals  also  control 
substantial  regional  differences  in  attenuation.  Even  if  differ¬ 
ent  sources  indicate  th.at  the  same  macroseismic  scale  is  used,  it 
is  advisable  to  check  the  values  by  studying  original  reports. 
There  are  a  lot  of  examples  of  a  very  personal  use  of  a  scale  so 
that  differences  between  two  individual  authors  can  easily  amount 
to  two  macroseismic  grades. 


3.4  Accuracy  of  catalogized  data 

The  last  very  important  item  is  the  classification  of  accu¬ 
racy  of  the  catalogue  parameters  mentioned  above.  There  is  no 
recipe  for  that  if  a  long  observation  period  is  covered.  Anyway, 
this  information,  either  in  the  form  of  a  standard  error  or  by 
introducing  classes  should  be  a  part  of  each  earthquake  catalo¬ 
gue. 


The  good-quality  catalogized  data  then  serve  to  provide  the 
valuable  information  on  the  se.ismogenic  regime  of  any  area, 
understanding  of  the  time  changes  among  shock  occurrences  of  the 
earthquake  sequences  and  probable  migrations  of  individual  shocks 
within  those  sequences.  This  information  together  with  the  know¬ 
ledge  of  the  recurrence  graphs  and  the  maximum  possible  earth¬ 
quakes  creates  a  reliable  basis  for  the  seismic  hazard  calcula¬ 
tion. 


4.  STRONG  GROUND  MOTIONS  AND  THEIR  UNCERTAINTIES 


A  frequent  source  of  uncertainties  are  the  dependences  of 
strong  ground  motions  on  focal  parameters  or  the  medium  proper¬ 
ties.  Dependences  measured  in  other  sites  or  regions  are  often 
used  because  actual  data  on  the  area  under  investigation  are 
missing.  In  their  application  we  should  of  course  observe  analogy 
criteria,  and  therefore  try  to  utilize  only  those  properties  and 
data  that  approach  the  giveh  conditions  most.  It  can  be  said  that 
all  empirical  dependences  determined  from  direct  observations  are 
often  substantially  different  although  e.g.  the  rock  medium  is 
analogous  after  a  geologist's  judgement.  As  yet  there  is  no 
guideline  how  to  make  best  analogies  and  how  to  identify  the 
deviations  having  originated  in  a  calculation  of  seismic  hazard 
due  to  these  inaccurecies  or  uncertainties  in  the  approximation 
of  the  initial  physical  quantities.  For  this  reason,  great  empha¬ 
sis  is  put  or  the  methods  of  expert  estimates,  which  involve 
experience  of  more  specialists,  and  which  then  enable  the  inac¬ 
curacies  or  errors  thus  originated  to  be  identified. 

Another  group  of  uncertainties  are  the  questions  connected 
with  the  conversion  of  the  resultant  values  of  seismic  hazard 
given  in  macroseismic  intensities  to  strong  ground  motions  ex¬ 
pressed  in  particle  accel er at  ion ,  velocity  and/or  displacement. 


It  has  turned  out  lately  that,  for  purposes  of  earthquake  engi¬ 
neering  the  most  important  are  not  only  the  peak  (maximum)  val¬ 
ues,  which  may  originate  even  due  to  an  accidental  coincidence  of 
some  wave  phases  or  wave  groups,  but  especially,  also  the  so- 
called  effective  values  of  vibration  :  effective  particle  motions 
or  effective  durations. 

The  question  of  determining  predominant  frequencies  play  an 
important  role  as  well  >  the  value  of  the  predominant  frequency 
that  should  be  used  in  practical  problems  has  not  yet  been  unam¬ 
biguously  defined.  As  a  matter  of  fact,  it  cannot  be  only  said 
that  it  is  the  frequency  which  the  maximum  spectral  amplitude 
belongs  to.  The  character  of  the  spectrum  often  allows  an  "objec¬ 
tive"  determination  of  even  more  such  frequencies  that  may  differ 
mutually.  Should  we  then  use  two  or  more  frequencies,  or  a  parti¬ 
cular  frequency  band  of  a  given  spectrum  level,  or  of  the  effec¬ 
tive  values  of  these  frequencies  ?  These  problems  will  have  to  be 
solved  in  the  future. 

Likewise,  in  practice  there  also  appear  dependences  on  the 
duration  of  vibrations  of  a  certain  amplitude  level.  The  duration 
is  defined  by  a  time  interval  in  which  the  amplitudes  exceeded 
given  level.  Unfortunately,  we  have  not  yet  solved  the  problem 
when  amplitudes  exceed  the  given  level  several  times  in  the  whole 
wave  pattern  j  do  we  then  consider  the  total  time  period  during 
which  a  deviation  was  exceeded,  or  only  those  intervals  in  which 
it  was  exceeded  ? 


3.  SEISMIC  HAZARD  ASSESSMENT  -  PROBLEMS  AND  IMPROVEMENTS 


To  understand  the  present  stage  in  the  seismic  hazard  as¬ 
sessment  and  the  accurecy  of  its  determination,  we  shall  now 
discuss  the  individual  topics  from  the  viewpoint  of  their  influ¬ 
ence  on  final  hazard  estimates.  Seismic  hazard  should  consider 
not  only  the  damage  potential  of  elastic  ground  motion  but  also, 
especially  in  the  earthquake  source  regions,  the  areas  of  expect¬ 
ed  ground  deformations  and  failures  Including  places  of  fault 
rupture.  In  sea  and  oceanic  coastal  zones  the  extent  of  tsunami 
hazard  has  to  be  taken  into  account  too. 

The  uncertainties  associated  with  the  relationships  and 
parameters  that  are  used  as  input  data  are  the  following  ones  i 

i)  coordinates  of  the  boundaries  delimiting  source  regions, 

ii)  cumulative  magnitude-  or  intensity-f requency  graphs  of  indi¬ 
vidual  focal  zones, 

ill)  maximum  possible  or  expected  earthquake  in  a  focal  region, 

iv)  dependences  of  seismic  wave  attenuation  on  the  earthquake 
magnitude,  focal  depth,  epicentral  distance,  geological 
media  of  the  entire  region  and,  especially,  on  local  struc- 
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tures  (geological  blocks,  subsurface  and  alluvial  layers), 

v)  probabilistic  and  deterministic  approaches,  seismic  hazard 

outputs  and  their  application  to  earthquake  engineerings. 

If  possible,  these  uncertainties  are  restricted  by  applying  pro¬ 
babilistic  approaches  in  the  use  of  exactly  defined  statistical 
quantities,  e.g.  mean  values,  quality  factos,  standard  devia¬ 
tions,  limits  of  conficence  intervals,  etc. 

It  is  obvious  that  the  calcultions  of  the  seismic  hazard 
should  be  made  in  such  a  way  as  to  take  into  account  not  only  the 
mean  values  of  a  certain  parameter  or  dependence,  but  also  the 
limits  of  these  values  ranges,  given  e.g.  by  one  standard  devia¬ 
tion  of  the  value  from  the  mean  course  to  either  side,  etc. 
Increased  differences  of  the  seismic  hazard  assessments  thus 
determined  with  respect  to  the  mean  values  of  the  seismic  hazard 
would  then  indicate  “suspicious"  combinations  of  input  parame¬ 
ters,  which  would  have  to  be  verified  once  more,  and  if  necessa¬ 
ry,  the  earlier  determined  hazard  values  reinterpreted. 

For  the  definition  of  earthquake  source  regions  and  delinea¬ 
tion  of  their  boundaries  the  information  given  by  earthquake 
catalogues  is  nor  often  sufficient  and  has  to  be  completed  by 
other  data  related  to  earthquake  occurrence,  e.g.,  information  on 
recent  crustal  movements  as  evidenced  by  geodetic,'  archeological 
and  neotectonic  observations.  Recently,  traces  of  active  fault 
movements  accompanying  the  largest  earthquakes  are  found  by  tren¬ 
ching  across  faults  and  by  satellite  image  interpretations.  This 
complex  approach  contributes  substantially  to  the  identification 
of  potential  source  regions  but,  unfortunately,  does  not  guaran¬ 
tee  that  some  potential  sources  remain  unknown. 

Two  possible  approaches  of  seismogenic  zone  delineation  can 
be  found  : 

1.  Subjective  approach  -  an  expert's  eye-fitting  and  appli¬ 
cation  of  his  experience  -  which  uses  the  following  data: 

a)  occurrence  of  great  earthquakes  -  the  level,  above  which 
we  consider  the  earthquakes  to  be  great  depends  on  the 
activity  of  the  region  under  study:  e.g.  5, 

b>  occurrence  of  all  known  earthquake  epicentres  -  planary 
distribution  of  epicentres  can  indicate  both  seismogenic 
provinces  or  areas  and  seismoactive  faults  or  zones, 

c>  correlation  of  earthquake  epicentres  with  the  geological 
structures  of  the  area  -  with  the  use  of  geological  and 
geophysical  data,  especially  neotectonic  data,  geodetical 
and  satellite  image  observations  and  geodynamic  analysis. 

II.  Objective  approach  -  based  on  the  combination  of  the 
previous  < • sub jec t ive* )  one  together  with  the  resuils  obtained  by 
statistical  and  other  mathematical  analyses  performed  by  computer 
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technique*.  The  -following  quantities  and  procedures  can  be  ap¬ 
plied  in  this  approach! 

d>  density  o-f  earthquake  shocks  per  area  -  number  of  event 
occurrences  normalized  to  a  certain  area  [km*j, 

e>  earthquake  energy-flux  pet  area  -  amount  of  energy 
released  in  a  certain  space  [km4]  or  a  certain  area  [km^, 

„  f>  establishing  the  differences  from  the  background  seismi¬ 
city  pattern  -  determination  of  a  different  seismogenic 
regime  with  the  help  of  recurrence  graphs, 

g)  maximum  possible  and/or  maximum  expected  earthquake 
territory  of  high  earthquake  activity  can  be  mapped, 
e.g.,  by  the  extreme  value  statistics  (3rd  Gumbel  distri¬ 
bution), 

h>  multidimensional  correlation  of  geosc ien t if  ic  data  by  the 
pattern  recognition  algorithms 

The  second  step  in  hazard  calculation  is  to  determine  the 
cumulative  recurrence  graphs  N<M>  or  N(Io)  for  each  region, 
usually  in  the  form 

logN  =  a  -  bM  (6a) 

or 

log  N  *  a'  -  b'  Io  .  (6b) 

The  minimum  number  of  events  needed  for  the  compilation  of  the 
graphs  is  between  40  to  100  .  The  coefficients  b  or  b'  , 
defining  the  slope  of  distribution,  varies  from  region  to  region, 
although  it  is  negligible  in  some  areas.  Therefore,  in  such  areas 
sometimes  a  particular  magnitude  level  is  defined  to  compile  of 
the  maps  of  earthquake  activity.  Before  the  standard  procedure  of 
the  recurrence  graphs  determination  is  used,  the  following  items 
have  to  be  solved: 

a)  classification  of  events!  dependent  or  independent  shock, 

b)  definition  of  the  background  seismoact ivity  of  region, 

c>  cumulative  recurrence  graphs  of  the  earthquake  magnitude 
or  the  epicentral  intensity  -  with  the  use  of  time  norma¬ 
lizing  within  each  magnitude  or  intensity  class. 

However,  the  basic  problem  is  to  estimate  of  maximum  possib¬ 
le  earthquake  in  a  focal  region  by  probabilistic  and  determinism 
tic  approaches.  The  upper  magnitude  threshold,  feasible  for  the 
region  within  a  defined  time  interval  Mmax  is  the  most  decisive 
quantity  in  the  assessment  of  hazard  extremes  and  can  vary  from 
Mj  ■  5  to  Mc“  9.  It  can  be  misleading  to  determine  to  determine 
Mmax  (or  Imax)  by  a  simple  anspection  of  N(M)  if  the  observa- 
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tion  period  is  short.  The  bending  of  the  N(M)  distribution  can 
be  caused  simply  by  the  saturation  o-f  the  magnitude  scale  used 
(see  Paragraph  3.2).  The  slope  of  N  <  M  )  depends 

i>  on  aftershock  series  and  or  on  character  of  sequence 
<e.g.  swarm)  -  problem  dependent  and  independent  events, 

ii)  on  the  period  of  activity  or  quiscence, 

iii)  on  earthquake  magnitude  classes, 

iv)  on  the  character  of  recurrence  graph  density,  cumulative) 

Besides  the  recurrence  graph  the  other  ways  can  assess  the  maxi¬ 
mum  possible  earthquake  magnitude: 

a)  the  theory  of  extreme  values  (3rd  Gumbel  distribution), 

b)  the  Benioff  energy- r.el  ease  diagram, 

c)  se ismotec ton ic  analysis  of  focal  zone  -  to  find  relations 
between  earthquake  magnitude  and  seismoactive  (or  rup¬ 
ture)  fault  dimensions  (length,  width,  surface), 

d)  intensity  of  recent  crustal  movements,  etc. 

Empirical  strong  motion  observat iones  fit  approximately  a 
general  formula  for  attenuation  law  of  seismic  vibrations  in  the 
form 

log  X  *  cl  +  c2  M  -  c3  1"  R  (7) 

where  cl,  c2,  and  c3  are  coefficients  determined  by  the  least 
square  method,  M  is  earthquake  magnitude,  R  =  +  hi  is 

focal  distance  and  X  is  the  maximum  ground  motions  (particle 
acceleration,  velocity  and  displacement).  There  are  two  main 
sources  of  ground  motion  data  at  present  :  macroseismic  observa¬ 
tion  and  strong  motion  records,  mainly  accelerograms.  Before 
compiling  and  using  an  attenuation  function  to  the  seismic  hazard 
calculation  following  investigation  has  to  be  done 

a)  corrections  and  restoration  of  time  history  of  particle 
acceleration,  velocity  and  displacement, 

b)  dependence  of  strong  ground  motions  (  or  macroseismic  in- 
tesity):  on  earthquake  size  (magnitude  ,  energy)  and 

meehan ism, 

on  distance  (epicentral  or  focal,  depth), 
on  physical  properties  of  media  -  composition  of 
the  medium  and  on  soil  properties  at  a  site. 

There  are  conversion  formulae  linking  macroseismic  intensity 
and  particle  motions,  however,  they  provide  only  approx imat ive 
values  because  the  relationship  is  complicated  and  the  scatter  of 
experimental  data  is  large. 
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Attenuation  curves  of  maximum  ground  motions  have  been 
compiled  for  some  earthquake  active  area.  Moreover,  they  are  not 
suitable  for  design  purposes,  and  other  quantities  like  the 
•effective  acceleration"  are  now  preferred.  The  strong  motion 
parameters  can  be  studied  in  three  domains: 

!.  Time  domain  -  maximum  acceleration,  velocity  and  displa¬ 
cement,  duration  of  seismic  vibration, 

II.  Amplitude  domain  -  maximum  particle  motions  determine 
statistically,  effective  particle  motions  of  seismic 
vibration,  total  and  effective  durations,  total  kine¬ 
matic  energy  and  impulse  of  seismic  vibration,  total  root 
-mean-square  amplitude  and  duration,  and 

III.  Frequency  domain  -  spectral  partical  motion,  pseudo¬ 
relative  and  pseudo- absol u te  particle  motions, 

predominant  frequency,  absolute  and  relative  spectrum 
content,  spectrum  intensity. 

It  is  highly  advisable  to  study  azimuthal  dependences  of  macro- 
seismic  intensity  and/or  strong  ground  motions,  to  elect  suitable 
type  of  attenuation  law  approximation  and  to  assess  influence  of 
local  seismogeol og ical  conditions. 


6.  CONCLUSION 

The  existing  methods  of  seismic  hazard  assessment  now  in  use 
correspond  to  the  level  of  knowledge  reached  so  far  and  the 
outputs  which  have  not  yet  reached  the  required  level  of  accura¬ 
cy.  It  is  important  that  the  hazard  information  always  contains 
the  indication  of  the  probability  level  for  which  it  is  valid. 

Basic'  principles  of  all  methods  are  the  same,  i.e.  the 
integration  of  seismic  effects  at  a  site,  however,  the  algorithms 
vary  according  to  statistical  models.  In  the  future  it  is  desira¬ 
ble  to  extend  present  assumptions  (Poisson  model  of  earthquake 
occurrences,  point  source  region)  for  other  statistical  models  of 
occurrence  (Markov  model,  Bayesian  distribution,  clustering 
etc.).  Also  the  application  of '".linear"  and  "plane"  source  models 
as  well  as  new  quantities  and  wave  parameters,  which  are  more 
suitable  for  earthquake  engineers  should  be  introduced. 

Future  improvements  in  hazard  assessmnt  depend  mainly  on  the 
progress  made  in  accurrate  estimates  of  earthquake  potential  and 
on  better  knowledge  of  propagation  of  strong  ground  motion  under 
varying  conditions. 
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INTRODUCTION 

The  relation  between  aacroseisaic  intensity  and  epicentral 
distance  is  widely  used  in  seisaic  hazard  analysis  The 
attenuation  of  aacroseisaic  intensity,  I,  actually  depends 
both  on  epicentral  distance  0  and  on  hypocentral  depth  h. 
Therefore,  if  h  is  not  explicitly  taken  into  account,  the 
relation  between  I  and  D  aust  refer  to  earthquakes  having 
hypocentral  depths  which  span  a  relatively  snail  range. 

Hany  foraulas  relating  I  and  D  have  been  suggested.  Host 
of  these  are  either  equivalent  to  or  special  cases  of  the 
following  two  foraulas  Ill: 


a^  ♦  b^  In  D  +  D, 

(1) 

lnl  *  *2  +  b2  ln0  +  C2  D' 

(2) 

where  Iq  is  the  epicentral  intensity. 


As  aentioned  in  Ill,  equations  (1)  and  (2)  derive  froa 
two  different  hypotheses  about  the  relation  between 
aacroseisaic  intensity  and  seisaic  energy  density. 

As  far  as  the  use  of  the  attenuation  law  in  local  hazard 
analysis  is  concerned,  the  following  alternative  procedures 
are  generally  applied. 

a)  Nethod  of  hoaogeneous  zones.  The  aethod  is  based  on  the 
hypothesis  that  over  the  considered  zone  the  seen  annual 
nuaber  of  earthquakes  per  unit  area,  V  ,  is  constant  and  that 

the  intensity  distribution 
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is  also  constant .  f,  <i)  and  <■'  are  derived  fro*  historical 

Io  o 

data.  It  is  then  possible,  using  the  attenuation  law.  to 
calculate  *  and  < 1 >  at  any  given  site. 

b.‘  rterelv  statistic  method.  The  intensity  I  at  the  site  «cr 
each  historical  earthquake  is  evaluated  through  “ne 
attenuation  law,  The  series  of  local  events  so  detined  is  then 
statistically  interpreted  m  order  to  derive  a  and  F  u>  at 

the  site 

In  the  application  of  formulas  tl>,  (2)  and  of  methods 
a),  b> .  some  difficulties  may  arise.  In  this  paper  such 
difficulties  are  discussed  and  some  variants  are  proposed  with 
particular  reference  to  Italian  conditions. 


PRELIhINARV  OBSERVATIONS  ABOUT  THE  ATTENUATION  LAW 

As  mentioned  in  Cl 3.  equations  <1>  and  (2)  "are  based  on  the 
implicit  assumption  that  the  seismic  energy  is  radiated  from  a 
point  source.  The  equations  can  be  expected  to  fail  where 
distance  is  not  large  compared  to  the  source  dimensions". 

This  limitation  is  especially  important  in  the  evaluation 
of  seismic  hazard  at  a  site  which  is  close  to,  or  inside  a 
seismic  region;  and  this  is  in  general  the  most  interesting 
case  from  the  engineering  point  of  view.  Some  changes  in  the 
structure  of  formulas  (1),  (2)  seem  therefore  to  be  necessary. 

Equation  <1)  implies  that  attenuation  I  -  I  is 

independent  of  Iq.  This  is  not  always  true.  As  mentioneo  in 

»1>,  "inspection  of  isoseismal  maps  will  suggest  that  the  rate 
of  attenuation  of  intensity  with  distance  is  often  more  rapid 
for  small  than  for  large  earthquat.es". 

As  far  as  equation  (2)  is  concerned,  note  that  this  is 
equivalent  to 

Xo  *  *  *o  exp  <e0  ”b?  InD  +  c^O) 

This  means  that,  according  to  equation  (2).  the  rate  of 
attenuation  of  intensity  with  distance  is  more  rapid  for  large 
than  for  small  earthquakes.  This  may  be  true  in  some  cases, 
but  as  previously  mentioned  real  situations  often  show  an 
opposite  behaviour. 
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As  an  exaaple,  fig,  1  shows  the  correlations  <1),  (2) 
obtained  using  the  coefficients  a,  b,  c  that  have  been  defined 
in  til  for  the  "Cordilleran  Province". 

dean  values  of  equivalent  radii  0^  obtained  froa 

isoseisaal  aaps  of  19  italian  earthquakes  are  plotted  in  fig. 
2.  The  hypocentral  depths  of  these  earthquakes,  evaluated 
according  to  Blake's  foraula  C23,  range  between  10  and  15  ka. 
Fig.  2  shows  that,  on  the  average,  for  the  earthquakes  here 
considered  the  rate  of  attenuation  is  wore  rapid  for  saall 
than  for  large  earthquake.  This  kind  of  behaviour  cannot  be 
interpreted  by  either  foraula  (1)  or  (2> . 


PROPOSAL  OF  A  VARIANT  OF  EQUATION  <1) . 

Many  variants  of  equations  (1)  and  (2>  have  been  proposed  in 
order  to  adapt  thea  to  different  conditions.  We  propose  here  a 
new  variant  of  equation  (1)  which  shows  a  very  good  fitness  to 
the  saaple  of  fig.  2. 

Assuae  as  starting  point  the  following  siaplified  variant 
of  equation  (1): 

i '  *  I  -  I  *  a  ♦  b  In  D  (4) 

o  1 

Equation  (4)  is  equivalent  to  the  relations  used  by 
Gutenberg  and  Richter  C33  and  Cornell  141. 

In  order  to  aake  the  rate  of  attenuation  depend  on  Iq  it 

is  sufficient  to  introduce  D./D  instead  of  D  : 

10  1 

D. 

i  *  I  -  I  *  a  +  b  In  ,  (5) 

O  0 

0 

where  0q  is  the  equivalent  radius  of  the  highest  aapped 
isoseisaal  line.  Froa  equation  (5)  we  obtain 

0  .  «  D  <x  el/b  ,  (6) 

where  a  ■  e  . 

Obviously,  if  0o  is  constant,  equation  (6)  coincides  with 

(9).  However,  if  D  depends  on  I  all  the  radii  D.  depend  on 

0  0  1 

I  as  well, 
o 
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Assume  the  ratio  D  (I  *j>/D  >  I  *  i-l>  to  he  constant  <i  e 
oo  ■ 

independent  of  j)  and  call  4-  such  constant.  As  a  consequence 


(I  =  j) 

0. 

(I  = 

0 

1 

0 

(I  *  J - 1 > 

0 

s  5" 

1 

(I  *J-1> 
0 

<7) 


The  constant  *  is  a  measure  of  the  more  (or  less)  rapid 
rate  of  attenuation  of  small  earthquakes  ccmpa  tc  5* 
ones.  If  4’  I  1  the  trend  is  of  the  t-.-r-e  of  +10  2  while  4  <  l 
would  correspond  to  the  behaviour  represented  py  formula  O 
in  fig.  1, 


The  value  of  4  for  a  given  set  of  earthquakes  can  be 

calculated  as  the  mean  value  of  the  ratios  D  (I  =j)/D  (1  =  j  —  1 > 

10  10 

The  data  of  the  sample  of  fig.  2  lead  to  the  mean  value 
4-  =  1.36. 

Observe  now  that,,  for  1  1  1 ,  equation  <0?  implies  that 
the  ratio 


•¥ 


(8) 


does  not  depend  either  on  1  or  on  I  .  It  is  easy  to  prove  that 

0 

its  value  is 


1/b 


e 


The  experimental  value  of  4*  can  be  calculated  as  the  mean 
value  of  the  ratios  (8) .  For  the  sample  of  fig.  2  we  obtain 
’¥  <  1  >  1  >  =  1.58. 


As  to  the  ratio 


taking  into  account  the  condition 
D  *0  for  i  *  0 


(10) 


<  1 1  > 


equation  (6)  gives 


4  ■  t  -  1 

0 

• 

(12) 

From 

a  qualitative 

standpoint  equation 

(12) 

is 

acceptable . 

In  fact  the  rate 

of  attenuation  is  more 

'•apid 

for 
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••*11  than  for  large  distances.  However  equation  (12) 
represents  too  rigid  a  constraint  froa  a  quantitative  point  of 
view.  For  instance,  the  saaple  of  fig.  2  leads  to  a  aean  value 
♦  ■  1.07,  while  equation  (12)  would  lead  to  y  *  0.58. 

O',  o 

In  order  to  overcoae  this  inconsistency,  it  is  convenient 
to  aodify  equation  (6)  by  adding  a  new  coefficient: 

0.  «  0  P  el/b  ♦  *  .  (13) 

1  o 

The  ratio  •¥  is  given  again  by  equation  (9),  while  the 

value  of  ?  can  now  be  adapted  to  experimental  data, 
o 

Combining  equations  (13)  and  (10)  with  condition  (11)  we 
obtain 

°i  ■  »o  <l  *  *0  ■  <«> 

i.e. 

‘  ■  v*  *  ib l"  [l  *  *t;-J 

If  coefficients  ♦  .  <9, 

0 

(15)  coepletely  define  the  attenuation  law,  provided  that  a 

reference  value  for  D  is  established.  This  can  be  done  as 

o 

follows.  Using  equation  (14)  derive  froa  the  experimental 

values  D.  a  aean  value  5  for  each  I  .  Impose  then  that  the 
1  oo 

reference  value  of  0  through  equation  (7) ,  minimizes  the 

o 

deviations  (squared)  froa  the  mean  values  Do>  For  the  sample 
of  fig.  2  one  obtains,  in  this  way,  D0  (I^IO)  *  9.3  km. 

In  conclusion,  the  coefficients  that  define  the 
attenuation  law  (15),  with  the  help  of  equation  (7),  for  the 
sample  of  fig.  2  are: 

tQ  ■  1.07  ,  t  •  1.58  ,  ♦  ■  1.3d 

D„  (I  •  10)  •  9.3  km 
o  o 

The  attenuation  law  so  defined  is  represented  in  fig.  3. 


0  1 
(o;’1>  • 


(15) 


♦  are  known,  equations  (7)  and 


f 


I 

j  Using  the  oa ta  of  the  sene  sample,  the  coefficients  of 

the  formulas  d>  and  <2)  have  been  calculated  using  the  least 
square  method,  Tr>e  results  are  shown  in  fig  <*. 

INFLUENCE  OF  THE  STRUCTURE  OF  THE  ATTENUATION  LAW  ON  THE 
I  EVALUATION  OF  LOCAL  HAZARD 

Consider  a  site  located  at  the  center  of  a  hypothetical 
homogeneous  seismic  zone  <fig.  5).  The  correlation  between 
intensity  and  return  period  for  this  site  has  Peen  calculated 
assuming  alternatively  the  attenuation  law  (1).  <2>  and  <15> 
with  the  coefficients  derived  from  the  sample  of  fig.  2.  The 
results  are  in  fig.  0. 

The  considerable  differences  clearly  point  out  that  the 
choice  of  the  attenuation  law  is  a  crucial  step  in  seismic 
hazard  analysis. 

1 


ABOUT  THE  U5E  OF  ATTENUATION  LAW  IN  SEISMIC  HAZARD  ANALYSIS  AT 
A  SITE, 

Consider  a  seismic  region  with  area  h.  Suppose  that  the 
catalogue  of  historical  earthquakes  of  the  region  is  given  and 
that  for  a  certain  number  of  the  earthquakes  the  isoseismal 
map  is  known.  In  general  for  most  of  the  earthquakes  onlv  1^ 

and  epicentral  coordinates  are  known.  From  the  available 
isoseismal  maps  an  attenuation  law  can  be  derived  and  assumed 
as  suitable  for  the  interpretation  of  all  events 

At  this  point  as  mentioned  in  the  introduction,  two 
alternative  procedures  are  available  in  order  to  define  the 
seismic  hazard  at  a  site. 

As  far  as  method  a>  is  concerned,  the  hypothesis 

F.  (i>  =  constant  over  h  (lo) 
Io 

cannot  be  avoided.  In  fact  the  size  of  a  seismic  region  that 
can  affect  a  given  site  is  not  very  large  and  it  is  necessary 
to  take  all  the  events  of  the  region  into  account  in  order  to 
compute  the  distribution  function  Fjq  <i>,  We  will  assume  that 

intensities  I  comply  with  hypothesis  do)  . 


As  to  the  spatial  distribution  of  epicenters,  if  the 
hypothesis 


y 


*  constant  over  A 


0 


d?> 


Kfc Kfl. 
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is  not  verified  (and  this  is  often  the  case),  the  error  in  the 
evaluation  of  the  intensity  distribution  Fj(i>  at  the  site  is 

rather  seall.  On  the  contrary,  the  error  in  the  calculation  of 
A  can  be  considerable. 

As  an  exaaple,  a  circular  seiseic  region  with  radius  95 

k*  has  been  considered.  The  distribution  F.  (i)  has  been 

10 

assueed 

F.  (i>  =  1  -  exp  (6.91  -  1.15  I  >  ;  I  >6 

10  *  0  0 

and  the  attenuation  law  (15)  with  *  1,  *t*  *  1.4  has  been 

o 

used.  For  the  sake  of  siaplicity  a  constant  value  Dq  «  8  ki 

has  been  adopted. 

The  evaluation  of  Fj(i)  and  A  at  the  center  of  the 

seiseic  region  has  been  carried  on  under  two  different 
hypotheses : 

1)  x#  *  constant  over  the  region; 

2)  V  *  twice  the  average  value  used  in  1>  in  the  inner  zone 

with  radius  65  ka;  in  this  case  the  value  of  A'  in 

o 

the  resaining  area  has  been  obtained  by  isposing  the 
total  nuaber  Ao  of  events  in  the  region  to  be  the 

ease  as  in  1) . 

The  oaxiaua  difference  between  the  ordinates  of  Fj(i)  in 

the  two  cases  is  6Z,  while  the  value  of  A  for  the  first 
hypothesis  is  about  50Z  of  the  value  corresponding  to  the 
second  one . 

If  the  aerely  statistic  aethod  b>  is  used,  the  actual 
distribution  of  epicenters  is  automatically  taken  into 
account,  so  that  the  best  estimate  of  A  is  obtained.  On  the 
other  hend,  the  evaluation  of  the  distribution  Fj(i>  becomes 

uncertain  due  to  the  fact  that,  at  the  site,  the  number  of 
events  becomes  in  general  very  saall  for  the  higher 
intensities. 

In  conclusion,  aethod  a>  leads  to  a  good  estimate  of 
Fj  < i >  but  nay  be  unreliable  for  the  calculation  of  A.  Method 

b)  offers  the  best  estiaate  of  A  but  is  affected  by  large 
uncertainties  in  the  evaluation  of  Fj(i>. 
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Thus,  it  seems  reasonable  to  adopt  a  mixed  procedure, 
derive  Fj(i>  using  method  a)  and  calculate  \  through  method 

b> . 
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Figure  1.  Intensity  attenuation  with  epicentral  distance  for 
the  "Cordilleran  Province"  following  Ref.  [l] 
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Figure  4.  Interpretation  of  the  sample  of  Figure  2  using 
formulas  ( 1 )  and  ( 2 ) 


Figure  5.  Hypothetical  homogeneous  seismic  region 
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1.0  INTRODUCTION 


Iceland  is  located  in  the  North  Atlantic  Ocean  as  a  super- 
structural  part  of  the  Mid-Atlantic  Ridge.  The  ridge  marks 
the  boundary  between  the  North  American  Plate  and  the  Euro- 
asian  Plate  and  creates  a  belt  of  seismic  activity  ranging 
from  the  Azores  in  the  South  and  towards  Jan  Mayen  in  the 
North.  The  boundary  approaches  Iceland  from  the  southwest 
along  the  Reykjanes  Ridge  and  from  the  north  along  the 
Kolbeinsey  Ridge,  (Fig.  1) . 


Fig.l  Epicentres  of  earthquakes  on  the  Mid- 
Atlantic  ridge  1962-1980,77/ . 


Across  Iceland  from  southwest  to  the  north,  the  plate  bound 
ary  is  displaced  to  the  east  by  two  major  fracture  zones, 
the  South  Iceland  seismic  zone  in  the  lowlands  of  the  south 
and  the  Tjdrnes  fracture  zone  in  the  north.  The  largest 
earthquakes  in  Iceland  have  occurred  within  these  zones  and 
may  have  exceeded  magnitude  7.  (The  magnitude  M  of  an  earth 
quake  is  defined  in  the  usual  sense  as  the  amplitude- 
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logarithm  defined  by  C.F.  Richter.  It  should  not  be  confused 
with  the  intensity  of  an  earthquake,  I  or  MMI,  which  de¬ 
scribes  the  local  effects  of  an  earthquake  on  the  Modified 
Mercalli  Scale).  The  focal  mechanism  of  these  earthquakes, 
which  are  of  tectonic  origin,  indicates  strike-slip  faulting 
with  a  sense  of  motion,  right-lateral  in  N-Iceland  and  left- 
lateral  in  SW-Iceland  which  is  consistent  with  transform 
fault  interpretation  of  these  zones.  Both  zones,  however, 
lack  the  clear  topographic  expression  characteristic  of 
fracture  zones  on  the  ocean  floor,  and  in  neither  zone  is 
the  transform  motion  taken  up  by  a  single  major  fault. 
Outside  these  two  fracture  zones  an  intraplate  earthquake 
zone  with  clusters  of  seismic  activity  is  seen  in  Borgar- 
f jdr&ur  in  West  Iceland.  Seismic  activity  associated  with 
the  volcanic  zones  in  Iceland  is  also  evident,  121 ,  /5/, 

/7/ ,  / 8 / * ) .  In  Fig.  2,  epicentres  of  past  and  recent 
earthquakes  with  magnitude  6.0  or  above  are  shown  with  the 
year  of  occurrence. 

The  volcanic  earthquakes  rarely  exceed  magnitude  5  and  are 
mostly  related  to  imminent  volcanic  activity.  In  the  West¬ 
ern  Volcanic  Zone  which  covers  the  Reyk janes  Penisula,  the 
Thingvellir  region,  Langjdkull  and  HofsjBkull  regions, 
seismic  activity  is  mostly  confined  to  the  Reykjanes  Penin¬ 
sula  where  tectonic  earthquakes  at  the  plate  boundary  and 
volcanic  follow  hand  in  hand.  In  other  parts,  as  well  as  in 
the  Southern  Volcanic  Zone,  which  covers  the  Vestmanna 
Islands  and  follows  the  rift  zone  across  the  west  part  of 
VatnajOkull,  Askja  and  Krafla  areas  until  Axarf jOrdur  in  the 
north,  earthquakes  of  pure  volcanic  origin  are  frequent, 
(Fig.  3).  Thus  the  South  Iceland  Seismic  Zone  bridges  the 
gap  between  the  two  volcanic  rift  zones  in  South  Iceland 
whereas  the  North  Iceland  Seismic  Zone  touches  the  volcanic 
rift  zone  in  Axarfjdrdur. 

The  seismic  and  volcanic  activity  in  Iceland  is  very  well 
localized  and  confined  to  certain  clearly  indicated  regions. 
Large  parts  of  the  Country  are  outside  these  zones  of  geo¬ 
physical  manifestations  and  have  been  quiescent  for  millen- 
iums.  The  inhabited  coast  and  valleys  in  East  Iceland,  the 
Western  fjords  and  large  areas  of  West  and  North  West  Ice¬ 
land  are  judged  to  be  minimal  or  no  risk  zones. 


*)  timbers  within  slashes  correspond  with  the  list  of 
references  at  the  end. 


Epicentres  of  past  and  recent  earthquakes 
with  magnitude  5.5  and  above. 


TOMS  MACTUHf  ZWft 


Fig. 3  The  interrelationsship  between  the  volcanic 
and  seismic  zones  in  Iceland. 


2.0  THE  SEISMIC  HISTORY  OF  ICELAND 

Since  the  settlement  of  Iceland  in  the  late  ninth  century, 
seismic  activity  has  been  observed  in  all  seismic  zones  and 
moderate  to  strong  earthquakes  have  occurred  from  time  to 
time.  Very  strong  earthquakes,  of  the  order  encountered  at 
the  Pacific  plate  boundaries,  are,  however,  unlikely  to  take 
place.  Possibly,  the  strongest  earthquake  in  historic  times 
occurred  in  the  South  Iceland  Zone  on  August  14th  1784.  Dam¬ 
age  to  farm  houses  was  severe  and  three  people  lost  their 
lives.  The  magnitude  of  this  earthquake,  which  was  first  in 
a  series  of  violent  earthquakes  that  shook  the  whole  seismic 
region  in  the  South,  has  been  estimated  to  be  about  7.5, 

/4/ .  This  by  comparison  is  an  order  of  a  magnitude  lower 
than  the  strongest  earthquakes  that  have  occurred  in  say 
Japan,  California  and  Chile  in  recent  times. 

The  past  seismic  history  of  a  certain  region  is  the  best 
indicator  on  what  to  expect  in  the  future.  In  the  following, 
the  earthquake  history  of  the  different  seismic  zones  and 
their  character  is  briefly  discussed. 
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12.1  THE  SOOTH  ICELAND  SEISMIC  ZONE 

Most  destructive  earthquakes  in  Iceland  since  its  settlement 
in  the  ninth  century  have  occurred  within  the  South  Iceland 
lowlands.  Major  earthquake  sequences  have  affected  the 
sparsely  populated  farmlands  in  historic  times  with  inter¬ 
vals  ranging  between  45  and  112  years.  The  earthquake  zone 
extends  about  70  km  in  the  E-W  direction  with  almost  a  per¬ 
fect  E-W  alignment  of  epicentres  in  a  5-10  km  band  from  the 
Olfus  region  in  the  West  towards  Rangarvellir  in  the  East. 
However,  no  major  E-W  striking  faults  can  be  found  and  the 
destruction  zones  of  individual  earthquakes  tend  to  be 
elongated  in  the  N-S  direction  as  shown  in  Fig.  4.  The 
distribution  of  recent  microearthquakes  indicates  that  the 
seismicity  is  associated  with  brittle  deformation  of  a  10-20 
km  wide  belt  located  above  an  E-W  trending  zone  of  aseismic 
L  deformation  in  the  lower  crust  or  upper  mantle.  111 ,  / 9 / . 


Fig. 4  The  Reykjanes  Peninsula  and  adja^nt  Couth 
Iceland  Seismic  Zone.  The  destruction  zones 
of  past  historic  earthquakes  within  which 
more  than-  50%  of  the  houses  collapsed  are 
shown. 
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The  historic  earthquakes  seem  to  be  grouped  in  two  different 
categories,  in  the  first  category,  the  whole  region  is  shak¬ 
en  by  a  sequence  of  violent  earthquakes  which  usually  begins 
with  a  strong  earthquake  in  the  east  part  of  the  Zone  foll¬ 
owed  by  big  but  gradually  smaller  events  moving  to  the  West. 
The  above  1784  earthquake  is  typical  of  such  a  sequence. 
Other  major  earthquake  sequences  in  this  category  have  been 
the  1896  earthquakes  which  is  the  last  major  earthquake 
sequence  in  the  region,  causing  widespread  damage,  1732-34, 
1630-33,  1389-91  and  1339.  In  all  these  earthquake  episodes 
severe  damage  to  farm  houses  in  the  entire  region  with  sev¬ 
eral  deaths  is  reported  in  the  annals.  111.  In  table  1,  a 
list  of  all  known  major  earthquakes  in. the  South  Iceland 
Zone  in  historical  times  is  given  with  assessed  values  for 
maximum  intensity  and  magnitude. 


TABLE  1.  A  list  of  destructive  and  large  magnitude  earthquakes  in  South  Iceland. 
Assessed  valuer  are  within  parentheses.  III .  Ill .  /9/ ,  / 1 1/ . 


DATE 

LOCATION 

MAGNITUDE/ 

Max.  Intensity 

NOTES 

1164 

Olfus/Floi 

Damaqe 

in 

Olfus/Floi,  19  deaths 

1182 

Whole  region? 

it 

extent  uncertain,  11  deaths 

1211 

«t  If 

H 

"  18 

1294 

Rangarvellir 

m 

in 

Land / Rangarve 1 li r 

1300 

m  m 

it 

in 

Rangarvellir 

1308 

Whole  region? 

N 

extent  uncertain,  6  deaths 

1339 

Whole  region 

m 

in 

most  parts  of  the  zone 

1370 

Olfus 

N 

in 

Olfus,  6  deaths 

1389 

Rangarvellir 

M 

in 

Land/Rangarvellir 

1391 

Floi 

N 

in 

Olfus/Floi/Grimsnes,  5  deaths 

1510 

Rangarvellir 

n 

in 

Land/Rangarvellir 

1546 

Whole  region? 

N 

in 

eastern  and  western  parts 

May  12 

1581 

Rangarvellir 

It 

in 

Rangarvellir 

Spring 

1597 

Olfus 

It 

in 

Olfus 

1614 

Floi 

w 

in 

Olfus/Fldi/Grimsnes/Skeid 

Nov 

1624 

Fldi 

N 

in 

Floi 

Fab  21 

1630 

Land 

It 

in 

Holt/Land/Rangarvellir ,  6  deaths 

Early 

1633 

Olfus 

ft 

in 

Olfus 

Match  16 

1657 

Fldi 

ft 

in 

Floi  and  Fljotshlid? 

Summer 

1671 

01  fus 

It 

in 

Olfus/Grimsnes ,  5  deaths 

Jan  28 

1706 

(64  *N ,  21°  W) 

(6-5.5! 

in 

Olfus/Floi,  4  deaths 

April  1 

1725 

Rangarvellir 

in 

Rangarvellir 

Summer 

1726 

m  m 

"  " 

Sept  7 

1732 

(64*,  20*. 2) 

(  6.5) 

in 

Hreppar/Land/Rangarvellir 

March  2 I 

1734 

(64°,  20*. 5) 

(  6.5) 

in 

Olfus/Floi/Grimsnes,  9  deaths 

1749 

Olfus 

in 

Olfus 

1752 

■ 

ft 

" 

1757 

FI jotshlid 

n 

in 

Fljdtshlid 

Sept  9 

1766 

Olfus /Holt 

tt 

in 

Olfus/Holt/Land 

Aug  14 

1784 

(64*. 1,  20°. 5) 

(  7.5) 

in 

whole  region,  3  deaths 

June  10 

1789 

(64*,  21*. 5) 

(6-6.5) 

N 

in 

Revk janes  and  Olfus 

Feb  21 

1829 

(64*,  20") 

(6-6.5) 

M 

in 

Land/Rangarvellir,  1  death 

Aug  26 

1896 

(64",  20°. 2) 

(7) 

H 

in 

whole  region,  4  deaths 

May  6 

1912 

(64’,  19* . 9) 

(7) 

m 

in 

Land /Rangarve llir/Fl jdtshlid. 

March  29 

1947 

64”,  19*. 7 

5 

No  damage 

1 1  death 

April  1 
Juli  2 

1955 

64*. 1,  2 1  * . 2 

5.5 

Slight 

damage  near  Sag 

1967 

64 * ,  20*. 7 

5 . 3 

Slight 

damage  at  Brunastadir 

The  big  earthquake  sequences  in  category  1  seem  to  occur 
about  once  every  century,  on  the  average,  or  more  occuratelv 
once  every  112  years  with  a  probability  of  80%  or  more  based 
upon  the  historical  data.  The  large  interval  including  the 
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fifteenth  century  may  be  due  to  the  very  poor  historical 
records  from  that  time,  the  socalled  historical  gap,  rather 
than  scarcity  of  earthquakes. 

In  the  second  category,  major  earthquakes  have  occurred  as  a 
single  outstanding  event  either  in  the  western  or  the  east¬ 
ern  part  of  the  zone.  In  the  eastern  part,  Rangarvellir  and 
Landssveit,  the  earthquakes  of  1912,  1829,  1726,  1581  belong 
to  this  category  and  in  the  western  part,  (Olfus  and  Floi) , 
the  earthquakes  of  1789,  1766,  1752,  1749,  1706,  1671,  1597, 
1546  and  1370. 

The  1912  earthquake  of  magnitude  7  is  the  last  major  earth¬ 
quake  to  have  occurred  within  the  zone.  It  caused  damage  in 
a  sparsely  populated  area  close  to  the  volcano  Hekla  in  the 
Eastern  Volcanic  Zone  with  one  casualty.  The  seismologist 
August  Sieberg  studied  the  intensity  of  this  earthquake  and 
assessed  the  maximum  intensity  at  XI  on  the  Mercalli  intens¬ 
ity  scale. 

Smaller  earthquakes  have  occurred  in  the  western  part  in 
more  recent  times  such  as  Oct.  9,  1935  (M=6) ,  April  1,  1955 
(M=5 . 5 )  and  July  27,  1967  (M=5.0).  In  these  earthquakes  min¬ 
or  damage  of  farmhouses  near  the  epicentres  was  observed. 


2.2  THE  REYKJANES  SEISMIC  ZONE 

The  Reykjanes  Penisula  which  is  a  transition  between  the 
Reykjar.e«=  ridge  to  the  west  across  the  western  volcanic  zone 
to  thef'  South  Iceland  Seismic  Zone  is  an  important  region  due 
to  its  proximity  to  the  industrial  and  population  center  of 
Reykjavik  and  vicinity. 

The  mid-Atlantic  plate  boundary  enters  Iceland  near  the  tip 
of  Reykjanes  and  then  runs  along  the  penisula  in  an  easterly 
direction  delineating  an  area  of  high  seismic  activity  less 
than  2  km  wide  in  most  places.  Reykjanes  is  also  a  region  of 
active  volcanism  which  is  unusual  tor  a  highly  active  seism¬ 
ic  zone.  It  is  believed  that  within  the  volcanic  areas,  the 
in-tense  heat  will  generate  stress  relief  in  the  crust  thus 
minimizing  the  possibility  of  high  stress  concentration 
earthquakes . 

The  earthquake  activity  of  this  region  is  mainly  concentrat¬ 
ed  in  three  different  areas,  that  is  on  the  ridge  out  of  the 
penisula,  west  of  Kleifarvatn,  (Kleifarlake) ,  and  around 
Brennisteinsf j611 ,  (Brennisteinsmountains) .  A  fourth  con¬ 
centration  of  earthquake  activity,  in  the  Hengil  Area,  is  at 
the  boundary  between  the  South  Iceland  Seismic  Zone  and 
Reykjanes  and  can  have  influence  in  both  zones.  Fig  5. 

The  earthquakes  in  Reykjanes  and  Hengil 1  are  smaller  than 
the  big  earthquakes  in  the  South  Iceland  Zone.  The  focal 
depth  is  mostly  at  1-5  km  which  causes  comparatively  higher 
intensity  of  the  shallow  Reykjanes  earthquakes  than  the 
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Fig. 5  The  Reykjanes  Peninsula  with  zones  of  seimic 
activity.  The  hatched  areas  designate  origin 
of  earthquake  swarms  in  1971-75.  The  cross- 
hatched  areas  show  epicentres  of  earthquakes 
in  Olfus  in  the  South  Iceland  Zone. 


deeper  South  Iceland  earthquakes.  However,  due  to  the 
volcanism,  it  is  to  be  expected  that  the  stress  concentra¬ 
tion  in  the  subterrain  heated  rock  is  lowered  whereby  the 
energy  release  in  an  earthquake  is  also  lowered  as  has  al¬ 
ready  been  mentioned.  The  fault  structures  is  complex  and 
several  seismic  lineations  or  faults  can  be  identified 
striking  obliquely  or  even  transversely  to  the  main  zone. 

Seismic  activity  in  the  Reykjanes  zone  during  this  century 
has  been  high  but  concentrated  on  low  magnitude  earthquakes. 
One  of  the  biggest  earthquakes  in  recent  times  has  been  the 
June  1933  earthquake  in  western  Reykjanes  (Mw6)  with  an  epi¬ 
centre  south  of  Keilir  which  caused  some  damage  at  Vigdisar- 
vellir.  The  intensity  of  the  earthquake  was  assessed  at  VI 
in  Grindavik  and  V  in  Reykjavik.  A  similar  earthquake  occur¬ 
red  in  the  same  region  in  October  1889  with  some  damage  to 
farmhouses  at  Vigdisarvellir ,  Krisuvik  and  Vatnsleysustrdnd. 
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In  Reykjavik,  the  earthquake  caused  a  part  of  the  church¬ 
goers  to  rush  out  in  the  midst  of  a  sermon  in  the  Cathedral. 
In  the  Brennisteinsmountains ,  two  earthquakes  have  occurred 
in  this  century  with  magnitude  about  6.  In  July  1929,  an 
earthquake  of  magnitude  6,  caused  widespread  alarm  in 
Reykjavik.  Some  minor  damage  occurred  such  as  cracks  in 
concrete  walls  and  ceilings,  and  in  the  harbour.  The  House 
of  Parliament  and  the  old  Post  Office  Building  suffered  some 
damage.  The  intensity  of  the  earthquake  was  assessed  at  VI- 
VII  in  Reykjavik  and  at  X  in  the  epicentral  region.  In 
December  1968,  an  earthquake  of  magnitude  6  occurred  in  the 
same  region.  The  intensity  was  lower  than  that  of  the  1929 
earthquake,  about  IV-V  in  Reykjavik  where  damage  was  minimal 
although  people  there  were  alarmed. 

Near  the  Hengill  area  east  of  Blafjdll,  an  earthquake  of 
magnitude  6  occurred  in  October  1935.  Since  this  area  is 
almost  uninhabitated ,  there  is  little  to  show  except  for  the 
Ski-Lodge  in  Hveradalir  where  some  slight  damage  ocurred. 

This  easternmost  part  of  Reyk janes  Penisula  has  not  been 
very  well  investigated  and  chronicles  relating  to  this  area 
are  rather  meagre  as  is  to  be  expected.  However  this  is  the 
most  important  source  of  earthquakes  to  endanger  the  Reykja¬ 
vik  area.  In  Table  2,  the  number  of  earthquakes  that  have 
been  felt  in  Reykjavik  is  given  grouped  according  to  their 
intensity  on  the  modified  Mercalli  scale  (MMI )  ,  I'll,  /9/. 

Table  2.  Number  of  earthquakes  felt  in  the  Reykjavik  Area. 


Time  Period/MMI  Intensity  III 


IV  V  VI-VII 


1801-1850 

1851-1900 

1901-1950 

1951-1985 


8  11 
19  4  5 

66  19  9 

3 


0 

3 

1 

0 


According  to  Table  2,  the  earthquake  activity  in  Reykjavik 
appears  to  be  increasing.  This  is  probably  more  due  to  lack 
of  information  from  the  nineteenth  and  earlier  centuries 
rather  than  actual  increasing  seismicity. 


2.3  THE  NORTH  ICELAND  SEISMIC  ZONE 

The  North  Iceland  Seismic  Zone  is  a  broad  zone  of  faulting 
and  seismicity  which  connects  the  southern  end  of  the  sub¬ 
marine  Kolbeinsey  Ridge  and  the  volcanic  zone  in  North  Ice¬ 
land  in  Axarfjdrdur.  Earthquake  epicentres  are  scattered 
throughout  a  region  which  is  about  80  km  wide  from  north  to 
south  and  150  km  long  between  Melrakkasletta  in  the  east  to 
Skagi  in  the  west.  A  concentration  of  epicentres  is  in  the 
northeast  corner  of  the  zone  whereas  the  larger  magnitude 
earthquakes  may  be  more  frequent  in  the  western  part  of  the 
area.  The  seismic  character  of  the  zone  is  of  a  complex 
nature  and  can  not  be  associated  with  a  single  fault  or  a 
simple  plate  boundary.  Studies  of  recent  earthquakes  show 


10 


that  a  considerable  part  of  the  seismicity  is  associated 
with  possibly  three  different  WNW  trending  lines  which  or¬ 
iginate  in  the  volcanic  belt.  The  sense  of  motion  along 
these  trending  lines  is  right-lateral  strike-slip  as  has 
been  evidenced  by  two  recent  focal  mechanism  solutions,  /5 /, 


The  Grimsey  seismic  line  runs  slightly  north  of  Grimsey  and 
joins  the  Krafla  fissure  swarm  in  AxarfjOrdur,  (Pig.  6).  It 
has  no  clear  trace  in  the  topography.  Instead,  the  surface 
structure  is  characterized  by  northerly  trending  troughs  and 
ridges.  In  some  respects  this  resembles  the  structure  in  SW- 
Iceland  where  the  epicentral  belt  lacks  clear  surface  mani¬ 
festation. 


Fig. 6  Main  tectonic  features  of  the  North  Iceland 
Seismic  Zone  with  lines  of  seismic  activity. 


The  January  13,  1976  Kopasker  earthquake  of  magnitude  6.3, 
which  is  the  largest,  most  recent  earthquake  in  Iceland, 
caused  moderate  damage  in  the  small  fishing  village  of 
Kopasker  at  the  eastern  end  of  the  Grimsey  line.  This  earth¬ 
quake  is  connected  with  the  rifting  episode  in  N-Iceland, 
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which  has  been  in  progress  since  1975.  The  activity  has  been 
mostly  confined  to  the  Krafla  central  volcano  and  its 
associated  fissure  swarm.  Extensive  tensile  movements  have 
been  observed  in  the  volcanic  belt  north  of  Krafla  and  in 
Axarfjordur  near  Kopasker  with  severe  land  subsidence. 

Amongst  other  big  earthquakes  which  have  occurred  along  the 
Grxmsey  line  is  the  1910  magnitude  7.3  earthquake,  which  or¬ 
iginated  in  the  ocean  straight  north  of  Tjdrnes  (66.5N, 

17. 0W) .  An  interesting  fact  is  that  few  hours  later  on  the 
same  day,  a  magnitude  5  earthquake  occurred  west  of  the  toe 
of  Reyk janes.  However,  no  geophysical  relationship  is  be¬ 
tween  the  two  earthquakes.  Another  Kopasker  earthquake  with 
magnitude  6,  occurred  in  1865  and  in  1755  a  big  earthquake 
(M  w7)  close  to  Grxmsey  caused  damage  in  the  Skjalfandi  and 
Eyjafjordur  regions. 

Along  the  second  seismic  line,  which  runs  NWN  from  Husavik 
across  Flatey  and  the  mouth  of  Eyjafjdrdur,  the  most  de¬ 
structive  earthquake  is  the  1872  magnitude  6-7  earthquake 
which  caused  damage  in  Husavik,  Flatey  and  Flateyjardal 
where  several  farmhouses  were  destroyed. 

The  third  speculative  seismic  line  also  runs  NWN  from  Krafla 
across  Eyjafjdrdur  near  Dalvik  and  to  the  mouth  of  Skaga- 
fjordur.  On  June  2,  1934,  a  6,  magnitude  earthquake  occurred 
near  to  the  small  town  of  Dalvik  with  considerable  damage 
there.  Besides  the  Kopasker  earthquake  of  1976,  where  damage 
was  only  slight  to  moderate,  this  is  the  last  earthquake  to 
have  caused  severe  damage  of  houses  and  buildings  in  Ice¬ 
land.  The  maximum  intensity  of  the  earthquake  in  Dalvik  was 
assessed  by  the  late  professor  Sigurdur  Porarinsson  to  be 
VIII-IX  in  Dalvik,  VIII  in  Hrisey  and  upper  part  of  Arskogs- 
strdnd.  In  Akureyri  the  intensity  was  assessed  V.  A  very 
good  contemporary  description  of  the  extent  of  damage  to 
different  kind  of  houses  and  buildings  has  been  given  by 
Sveinbjdrn  Jonsson,  a  tradesman  and  builder.  New  well- 
constructed  concrete  houses  showed  practically  no  damage 
whereas  the  typical  old  Icelandic  houses  of  turf,  stone  and 
timber  fared  badly. 

Finally,  the  1963  magnitude  7  earthquake  which  occurred  in 
the  mouth  of  Skagaf jdrdur  should  be  mentioned.  As  is  the 
case  with  most  North  Iceland  earthquakes,  the  epicentre  was 
off  the  coast  in  the  ocean  and  the  land  intensity  therefore 
comparatively  low.  The  earthquake  caused  alarm  in  Saudar- 
krokur  where  the  intensity  was  VII  and  some  minor  damage 
occurred . 

In  Table  3,  all  known  earthquakes  to  have  occurred  in  the 
North  Iceland  Seismic  Zone  are  listed.  Obviously,  earth¬ 
quakes  in  North  Iceland  are  rarer  than  in  South  Iceland. 
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TABLE  3.  A  list  of  destructive  and  largo  magnitude  earthquakes  in  North  Iceland. 
Assessed  values  are  within  parentheses.  /I/,  121 .  /9/,  / l 1/ . 


DATE  LOCATION  MAGNITUDE/ 

Max.  Intensity 


Autumn 

Sept  1 1 

1260 

1584 

1618 

1624 

1755 

(66*. 5N,  16*W) 

(7-7.5) 

June  11 

1838 

(66*,  19*) 

(6-7) 

Dec  30 
April  17 

1867 

1872 

(66*. 2,  17*. 5) 

(6-7) 

Jan  25 

1885 

(66*. 3,  IS*. 7) 

(6-6.5) 

Nov  15 

1905 

66*,  18“ 

5.5/VI 

Jan  22 

1910 

66*,  17* 

7.3 

Aug  23 

1921 

67”,  18“ 

6.3 

June  2 

1934 

66*,  18*. 5 

6 ,3/X 

Oct  23 

1936 

66". 8,  17*.  4 

5.4 

March  28 

1963 

66 *.3,  19 *.6 

7.0 

Jan  13 

1976 

66*. 3,  16*. 5 

6 . 3/IX 

NOTES 


Damage  in  Skjalfandi  region 

*  in  Eyjaf jttrdur  " 

"  in  Skjdlfandi 

*  in  SkjAlfandi  and  Eyjaf jdrdur 

*  in  Skj&lfandi  region 

*  i*  .1 

**  in  Axarf jttrdur  " 

No  damage  reported 

Off  the  coast »  no  damage 

•••»**  MM 

Damage  in  Dalvik  and  Eyjaf jdrdur 
Off  the  coast ,  no  damage 
Slight  damage  in  Saudarkrokur 
Damage  in  Kdpasker  and  vicinity 


2.4  OTHER  AREAS  OF  SEISMIC  ACTIVITY 

Intraplate  earthquakes  which  originate  outside  the  plate 
boundaries,  that  is  the  seismic  zones  in  North  and  South 
Iceland  and  the  volcanic  zones,  are  rather  rare  in  Iceland. 
Historic  records  mention  seismic  activity  near  OraefajOkull 
in  the  VatnajOkull  area  during  the  1727  volcanic  eruption 
there.  On  May  3rd  1897,  a  magnitude  5  earthquake  occurred  on 
the  Vatnsnes  penisula  which  is  to  the  west  of  the  North  Ice¬ 
land  Seismic  Zone.  This  earthquake  was  felt  over  a  large 
part  of  north  and  northwest  Iceland  without  any  significant 
damage . 

Small  earthquake  swarms  have  several  times  been  felt  locally 
in  Borgarf jbrdur  in  the  midwestern  part  of  Iceland.  Usually, 
these  are  very  low  magnitude  earthquakes.  In  the  spring  of 
1974,  one  such  sequence  of  earthquakes  culminating  with  a 

5.5  magnitude  earthquake  on  June  12th  occurred  in  the  upper 
Borgarf jdrflur  area.  The  epicentral  region  was  near  Sigmund- 
arstadir  in  Pverarhlid  and  extended  about  25  km  to  the  east. 
Another  belt  of  earthquake  origins  was  oriented  in  a  SW-NA 
direction  and  intersected  the  first  around  the  middle.  The 
focal  mechanism  of  these  earthquakes  indicates  a  slip-dip 
motion  due  to  horizontal  strain  in  the  crust,  / 3 / . 

The  largest,  June  12th  shock,  caused  slight  damage,  mostly 
cracking  of  poorly  built  farmhouses,  but  then  the  epicentre 
was  well  to  the  east  and  north  of  the  inhabitated  areas  in 
Pver^rhlid  and  Hvitarsida.  Several  landslides  occurred,  how¬ 
ever,  as  the  soil  was  wet,  especially  in  the  northern  slopes 
of  K jarrardalur . 

Finally,  earthquakes  near  the  insular  shelf  margin  east  of 
Iceland  are  known  to  happen,  but  damage  in  such  "off  the 
coast"  earthquakes  has  never  been  reported. 
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2.5  MINIMUM  RISK  AREAS 

As  already  mentioned,  large  areas  of  the  Country  can  be  con¬ 
sidered  to  be  outside  the  volcanic  and  seimic  zones  whereby 
the  earthquake  hazard  is  quite  minimal  in  these  parts.  In 
Reykjavik,  the  Capital  City,  the  western  part  from  the  old 
town  centre,  (  "Kvosin"),  to  and  including  the  small  suburb¬ 
an  town  Selt jarnarnes  at  the  tip  of  the  penisula  is  unlikely 
to  experience  but  small  earthquake  intensities.  Kopavogur, 
Hafnarf jdrdur  and  the  eastern  part  of  Reykjavik  with  Mos- 
fellssveit,  however,  have  to  be  considered  to  be  within  or 
close  to  the  Reykjanes  and  the  Hengill  seismic  zones.  Pre¬ 
cise  seismic  zoning  of  the  Capital  Region,  that  is  Reykjavik 
and  surrounding  towns  has  not  yet  been  attempted  but  is  most 
certainly  overdue.  Application  of  the  Icelandic  Aseismic 
Code  for  Structures,  1ST  13,  /13/,  is  often  subject  to 
severe  misunderstanding  regarding  which  earthquake  risk 
zone,  (  the  code  specifies  three  zones  of  25%,  50%  and  100% 
risk  ) ,  should  be  considered  for  the  Capital  Region. 

The  coastal  area  west  of  Reykjavik/  Mosfellsveit  through 
HvalfjOrdur  and  lower  parts  of  Myrarsysla,  (  Akranes  and 
Borgarnes  ) ,  is  another  region  with  very  low  expected  earth¬ 
quake  intensities.  Prom  Snaefellsnes  through  Dalasysla 
including  the  large  region  of  the  western  fjords  is  another 
low  risk  zone  with  no  history  of  earthquakes  nor  volcanic 
activity  in  historic  times. 

The  region  from  the  western  fjords  across  Hunavatnssyslur  to 
and  including  BlOndos  is  another  low-risk  zone  with  no 
earthquake  history  except  for  the  Vatnsnes  earthquake  of 
1897, cf  2.4. 

The  coastal  region  beginning  at  Rifstangi,  which  is  the 
northern  most  tip  of  mainland  Iceland,  through  the  entire 
eastern  coast  and  inhabitated  area  of  East  Iceland  is  a  min¬ 
imum  risk  zone  with  no  earthquake  history  nor  volcanic  act¬ 
ivity  in  historic  times.  The  southeastern  part  of  the 
country  is  also  a  minimum  risk  zone,  (  Hornaf jdrdur) ,  until 
the  eastern  volcanic  zone  begins  near  Kirkjubmjarklaustur 
and  subsequently  the  South  Iceland  Seismic  Zone. 


3.0  SEISMIC  ZONING  AND  AN  EARTHQUAKE  RISK  MAP  OF  ICELAND 

Whereas  the  seismic  zones  of  Iceland  are  rather  clearly  and 
well  defined,  it  is  more  difficult  to  evaluate  the 
earthquake  hazard  in  terms  of  expected  intensities  or 
maximum  surface  acceleration.  Basically,  the  earthquake 
hazard  to  civil  engineering  and  other  manmade  structures  can 
be  separated  into  two  categories.  Firstly,  the  faulting  and 
rupturing  of  the  ground  in  and  near  the  epicentre  of  an 
earthquake  can  incur  heavy  damage  in  a  structure  built 
across  an  active  fault  or  hit  by  surface  rupturing.  Damage 
of  this  kind  can  only  be  avoided  through  microzoning  and  a 
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precise  geological  site  investigation  prior  to  site 
development.  Secondly,  the  earthquake  wave  motion  will 
induce  dynamical  vibration  response  of  any  structure  where 
ground  shaking  is  severe  enough.  Permanent  damage  or  even 
collapse  of  the  structure  can  be  the  direct  result  if  the 
surface  acceleration  of  the  earthquake  is  high  and  its 
frequency  composition  unfavourable  to  the  structure.  The 
main  parameter  governing  the  structural  response  is  there¬ 
fore  the  maximum  surface  acceleration  of  the  earthquake 
ground  motion.  Since  there  are  no  instrumental  strong  motion 
records  available  for  past  Icelandic  earthquakes,  evaluation 
of  seismic  risk  regarding  maximum  surface  acceleration  must 
be  reflective,  / 12/. 

The  intensity  of  an  earthquake  is  a  measure  of  its  effects 
as  experienced  by  observers  in  the  struck  area.  Intensity 
scales  can  be  related  to  the  maximum  surface  acceleration 
through  knowledge  of  the  rate  of  destruction  caused  by  a 
certain  level  of  acceleration.  This  is  very  problematic, 
however,  due  to  many  reasons,  in  Iceland  for  instance,  the 
intensity  of  past  earthquakes  can  be  judged  to  be  quite  high 
due  to  the  high'  rate  of  destruction.  Until  the  beginning  of 
this  century,  all  houses  in  the  seismic  zones  were  of  very 
poor  construction,  mostly  simple  farmhouses  of  turf  and 
stone,  extremely  vulnerable  and  illsuited  to  withstand 
earthquakes.  It  is  therefore  quite  likely  that  the  damage 
extent  in  future  earthquakes  of  the  kind  which  occurred  in 
1784  and  1896  in  South  Iceland  will  be  much  less.  Even  if 
seismologists  have  tried  to  take  this  into  consideration 
when  assessing  the  intensity  and  magnitude  of  past 
earthquakes,  it  is  possible  that  their  effects  tend  to  be 
overestimated . 


3.1  INTENSITY-ACCELERATION  RELATIONS 

Unfortunately,  no  strong  motion  accelerograph  records  have 
ever  been  obtained  in  Icelandic  earthquakes.  Until  recent¬ 
ly,  no  strong  motion  aceelerographs  had  been  installed.  A 
complete  strong  motion  network  is  how  being  installed  in  the 
South  Iceland  Seismic  Zone  and  instrumental  records  throwing 
light  on  the  surface  acceleration  in  Icelandic  earthquakes 
are  eagerly  awaited.  Several  attempts  to  evaluate  the  accel¬ 
eration  in  Icelandic  earthquakes,  mostly  based  on  foreign 
studies,  have  been  made,  /9/,  1121 .  They  have  to  be  taken 
at  face  value  since  many  unknown  factors  have  yet  to  be 
resolved.  Por  instance,  where  the  seismic  and  volcanic 
zones  intercept  like  in  Reykjanes  and  in  parts  of  the  other 
seismic  zones,  it  is  believed  that  stress  relaxing  in  the 
crust  takes  place  due  to  the  intense  subterrain  heat  in  the 
volcanic  rocks,  thus  reducing  the  acceleration  level.  Also, 
it  has  been  observed  that  the  earthquake  shear  waves,  (S- 
waves) ,  which  are  mainly  responsible  for  the  destruction 
caused  by  earthquakes,  will  propagate  badly  in  the  volcanic 
zones  and  complete  S-wave  shadows  have  been  observed.  In 
table  4,  a  possible  connection  between  the  Modified  Mercalli 
Intensities  (MMI )  and  the  probable  maximum  surface 
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acceleration  is  given.  The  surface  acceleration  is  then 
interpreted  as  the  maximum  horizontal  component.  Usually, 
the  maximum  vertical  acceleration  is  about  60-80%  of  the 
maximum  horizontal  value. 


Table  4.  Modified  Mercalli  Intensities.and  surface 
accelerations,  (1  Gal*  1  cm/s^  ) . 


TiRI 

TT~ 

III 

IV 

V 

VI 

VII 

VIII 

IX 

X 

XI 

XII 

a 

max 

4.8 

9 

17 

32 

60 

113 

214 

403 

760 

>g 

>g  Gals 

The  table  reflects  the  fact  that  human  perception  of  earth¬ 
quakes  will  underestimate  the  acceleration  level.  It  is  a 
well  known  phenomenon  regarding  the  human  senses,  that  an 
increase  by  powers  in  a  physical  quantity,  (level  of  accel¬ 
eration,  intensity  of  light  etc.)  ,  is  perceived  as  an  in¬ 
crease  by  a  constant  difference  (quotient  series  vs  differ¬ 
ence  series) .  This  phenomenon  is  sometimes  referred  to  as 
the  Weber-Fechners  law  of  perception.  In  mathematical  sense 
this  can  be  described  as  follows 

111  W1'  *  »  io 61 

where  A  and  3  are  constants,  which  have  been  given  the 
values  A  =  1.35  and  8  =  0.275. 


3.2  INTENSITY— MAGNITUDE  RELATIONS 

Even  if  the  intensity  of  an  earthquake  is  a  more  appropriate 
measure  for  seismic  risk  evaluation  than  the  instrumental 
magnitude,  it  is  often  necessary  to  use  the  earthquake 
magnitude  as  the  basic  parameter  when  estimating  the 
earthquake  hazard.  The  following  relationship  between 
Modified  Mercalli  Intensities,  I,  and  the  magnitude  M  of 
Icelandic  earthquakes  has  been  proposed  by  Halldorsson,  / 9 / . 


(2)  IQ  =  0.33  +  1.24  M 


where  IQ  is  the  maximum  MMI  intensity  of  the  earthquake. 
Based  on  historic  records,  the  magnitude  and  intensities 
have  thus  been  evaluated  with  the  reservations  voiced  above 
and  are  shown  in  tables  1  and  2.  After  1904,  which  is  the 
beginning  of  instrumental  records  in  Iceland,  the  magnitude 
assessment  of  Icelandic  earthquakes  is  more  or  less  correct. 
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3.3  EARTHQUAKE  RISK  HAPS  OF  ICEIAND 

Earthquake  risk  maps  can  either  be  based  on  the  maximum  ex¬ 
pected  surface  acceleration  or  the  maximum  intensities.  In 
both  cases  such  maps  should  show  contour  lines  with  statist¬ 
ical  values  either  based  on  certain  probabilities  of  occur¬ 
rence  or  values  with  certain  average  recurrence  time.  Un¬ 
fortunately,  precise  statistical  evaluation  is  made  diffi¬ 
cult  because  of  lack  of  reliable  data. 

In  Fig.  7,  an  attempt  is  made  to  draw  up  such  a  map  of  Ice¬ 
land  showing  areas  of  expected  maximum  earthquake  intens¬ 
ities  based  upon  the  previous  discussion.  The  recurrence  or 
return  period  of  the  values  has  not  been  fully  established 
but  a  100  years  period  can  be  taken  as  representative.  Only 
intensities  above  V  are  considered  since  maximum  intensities 
lower  than  V-VI  are  not  likely  to  cause  any  damage  to  civil 
engineering  structures  even  if  sensitive  equipment  may  poss¬ 
ibly  be  endangered. 


Fig. 7  An  earthquake  risk  map  of  Iceland.  Contours 
of  100  years  intensities  V  and  above  are 
shown  f  (guestimative) . 
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Whereas  the  contour  for  intensity  VI  clearly  delineates  four 
different  seismic  areas,  the  contour  for  intensity  V  marks  a 
single  zone  of  earthquake  activity  for  the  whole  country. 

The  contours  are  drawn  on  a  speculative  basis  but  should 
give  a  good  idea  about  the  seismicity  of  the  country.  The 
inland  zone  delineated  by  the  countour  for  intensity  VI 
corresponds  to  the  volcanic  activity  in  the  Vatnajdkull  and 
Askja  regions  and  as  such  is  without  interest  considering 
possible  human  development. 

In  Fig.  8,  an  earthquake  zoning  map  for  Iceland  is  proposed. 
The  map  is  based  on  the  previous  risk  map  and  designates 
four  different  risk  zones.  Firstly,  for  the  parts  of  the 
Country  outside  the  contours  for  intenstities  V  or  above, 
the  maximum  surface  acceleration  is  put  at  less  than  75  Gals 
in  correspondence  with  the  relationship  between  acceleration 
and  intensities  shown  in  Table  4.  Zone  1  is  therefore  the 
minimum  risk  zone  where  civil  engineering  structures  are  not 
affected  by  earthquakes.  Only  in  extreme  cases  could  very 
sensitive  equipment  be  affected.  Zone  2  bears  the  risk  of 
maximum  surface  accelerations  up  to  150  Gal.  ,  -..hich  is  easi¬ 
ly  acommodated  by  all  welldesigned  structures.  Reykjavik  and 
vicinity  falls  within  Zone  2. 

Zone  3  covers  the  centre  of  the  North-Iceland  Seismic  Zone, 
that  is  to  the  coastline,  the  central  part  of  the  Reykjanes 
Seismic  Zone  and  most  of  the  South-Iceland  Seismic  Zone.  The 
maximum  surface  design  acceleration  is  150  -  250  Gals  which 
can  well  be  be  taken  care  of  by  properly  designed  struct¬ 
ures.  In  Zone  4  which  covers  the  central  part  of  the  South- 
Iceland  Seismic  Zone,  the  maximum  surface  acceleration  to  be 
expected  is  250  Gals  and  above.  Possibly  very  large  acceler¬ 
ations  up  to  600-750  Gals  can  be  expected  in  the  immediate 
epicentral  region  of  a  major  South-Iceland  earthquake  and 
extreme  care  should  be  taken  with  the  design  of  all  engi¬ 
neered  and  otherwise  structures  in  Zone  4 . 


4.0  SUMMARY  AND  CONCLUSIONS 

Based  upon  historical  records  and  instrumental  data  which  is 
available  for  Icelandic  earthquakes  since  1904,  a  discussion 
of  the  distribution,  frequency  and  magnitude  of  earthquakes 
in  Iceland  is  presented.  The  major  earthquake  zones  in  Ice¬ 
land  are  defined  and  each  zone  described  in  detail.  A  list 
of  historic  and  recent  earthquakes  is  given  for  both  the 
North-Iceland  and  the  South-Iceland  Seismic  Zones  and  var¬ 
ious  maps  show  the  extent  of  the  seismic  zones. The  geophys¬ 
ical  attributes  of  Icelandic  earthquakes  and  the  volcanism 
in  Iceland  is  also  briefly  discussed. 


given 
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Earthquake  risk  zoning  with  reference  to  man-made  structures 
is  proposed  in  terms  of  a  contour  map  of  expected  earthquake 
intensities.  At  this  stage,  a  complete  statistical  evalu¬ 
ation  of  expected  values  and  recurrence  is  not  available, 
which  must  be  kept  in  mind  when  the  results  are  interpreted. 
Finally  an  earthquake  design  zoning  map  is  presented  in 
terms  of  clearly  defined  zones  with  proposed  design  values 
for  the  surface  acceleration  to  be  employed. 
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It  is  presented  the  general  strategy  followed  in 
Albania  for  earthquake  protection  and  are  treated  the 
principles  and  the  methodologies  applied  for  the  seis¬ 
mic  regionalization  of  PSR  of  Albania  on  scale  l:5GO  000, 
for  the  seismic  microzoning  of  the  urban  areas,  for  the 
new  aseismic  design  Technical  Regulations  and  the  elenina- 
tion  of  the  earth cuake  conseouences. 


INTRODUCTION 

.Albania  is  a  country  with  a  high  seismic  activity,  in 
Europe  is  the  country  which  is  more  frequently  hit  by  da¬ 
mage  earth cuake3,  next  to  Turkey  and  Greece,  The  studies 
have  proved  that  only  during  this  century  the  earthquakes 
in  .Albania  and  near-by  have  generated  7.2^  of  the  total 
energy  releazed  by  all  the  shallow  earthquakes  of  Europe 
for  the  same  period. 

At  nowdays  development,  when  the  density  of  the  popu¬ 
lation  in  urban  areas  is  always  increasing  and  when  the 
investments  realising  or  the  ones  planned  to  be  realised 
in  our  country  are  too  high, if  we  do  not  take  the  necce- 
ssary  precautions  based  on  the  seismological,  seismologi- 
cal -engineering  and  earth quake -engineering  studies  aga¬ 
inst  the  probable  events  the  damages  will  be  everytime 
greater.  In  our  country  there  are  taken  many  measures 
to  reduce  the  human  losses  and  the  material  damages  that 
may  cause  the  eventual  earthquakes. 

The  term  "  earthquake  risk  "  may  be  defined  as  the 
total  expected  loss  of  life  and  property,  loss  of  product! 
on  and  other  secondary  losses,  caused  by  earthquakes  to 
a  community  over  a  given  period  of  time.  It  is  function  of 
the  value  of  the  elements  at  risk  (human  lives,  buildings, 
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production,  facilities,  etc.),  the  vulnerability  of  these 
elements  to  earthquake  action,  and  the  probability  of 
occurrence  of  earthquakes  (the  earthcuake  hazard). 

By  "vulnerability”  we  mean  the  probable  degree  of  loss 
or  damage  to  a  given  element  at  a  risk  due  to  earthcuake 
ground  motion.  It  cannot  be  expressed  by  a  single  figure, 
for  it  is  a  complex  function  of  the  dynamic  properties  of 
the  building  or  structure  and  of  the  various  parameters 
of  ground  motion  (peak  acceleration,  peak  velocity,  dis¬ 
placement,  frequency  of  vibration,  duration  of  shaking 
etc.).  Vulnerability  is  nevertheless  the  component  of  risk 
over  which  the  greatest  degree  of  control  can  be  exercised, 
through  the  choice  of  construction  sites  and  through  appro¬ 
priate  design  and  construction. 

Earthquake  hazard  is  a  comlex  function  defining  the  pro¬ 
bability  of  occurrence,  at  any  given  site,  and  during  any 
given  period  of  time,  of  earthcuake  ground  motion  of  va¬ 
rious  intensities.  Earthcuake  hazard  is  determined  entirely 
by  natural  processes  going  on  deep  within  the  Earth"s  Crust 
and,  at  the  present  time  at  least,  is  not  susceptible  to 
human  influence. 

In  order  to  assess  accurately,  and  subsequently  to 
control  and  reduce  the  earthquake  risk  to  given  communi¬ 
ty,  it  is  necessary  to  have  reliable  information  on  the 
three  components  of  risk,  that  is  to  say: 

1.  The  value  of  the  elements  at  risk, 

2.  The  vulnerability  of  these  elements, 

3.  The  earthquake  hazard. 

il  EARTHQUAKE  HAZARD  IN  ALBANIA.  -  SEISMIC  REGIONALI¬ 
ZATION 

Earthquake  hazard  assessement  is  conected  with  the  pre¬ 
cision  of  the  time  and  place  occurrence  and  the  strength 
of  the  future  earthcuake  as  well.  Earthcuake  hazard  can¬ 
not  be  changed,  but  it  is  nevertheless  essential  thac  it 
be  accurately  known,  in  order  that  the  most  appropriate 
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technical -economic  measures  be  taken  to  reduce  the  damages 
that  the  earthquakes  may  cause  to  a  point  where  the  overall 
risk  is  brout  dawn  to  an  acceptable  level  for  the  society; 
the  definition  of  this  level  is  a  task  of  considerable 
difficulty. 

Assessing  the  earthquake  hazard  we  have  acted  this 

ways 

1.  Data  on  the  earthouakes  of  Albania  (historical  and 
instrumental) 

As  a  result  of  many  years  work  we  have  gathered  and 
examined  an  ampel  material  of  a  period  of  about  2000 
years,  on  the  earthquakes  of  Albania.  All  the  data  colle¬ 
cted  have  been  computed  according  to  up  to  date  methods, 
so  we  might  corapil  the  "Catalogue  of  the  Earthouakes  in 
Albania"  up  till  1970  (Sulstarova,  E.,  Kogiaj ,  S.,1975) 
and  +he  catalogue  for  1971-1985  (Sulstarova,  E.,  Ko§i.a;j, 

S.,  1986).  At  the  same  time  we  have  compiled  the  album 
of  the  isoseismal  maps,  which  contains  the  isoseismal 
maps  of  160  earthquakes  occured  during  1300-1985.  The 
most  reliable  data,  for  which  exist  instrumental  recordi¬ 
ngs  and  macroseismic  information,  are  those  of  this  cen¬ 
tury.  Eor  the  period  from  1000-1900,  more  or  less  comp¬ 
lete  data  may  be  considered  those  of  earthouakes  of 
Intensity  7  degrees  f.SK-64  scale,  while  for  the  period 
before  1300  there  are  data  only  for  the  earthouakes  of 
I  8  degrees  MKS-64.  For  the  period  1900-1970  there  are 
complete  data  of  the  earthquakes  of  I  ?  6  degrees,  but 
for  latter  there  are  complete  data,  even  for  the  weak 
shocks  of  I  <  6  degrees. 

This  publication  provides  complete  data  of  the  earth¬ 
quakes  (Tq,  f  ,  A,  h,  I.!o,  I0,)  and  information,  from  diver¬ 
se  point  of  the  territory,  for  the  shocks  that  were  felt 
and  the  destructive  ones. 

In  our  country  the  seisnological  network  is  extended 
consisted  of  13  seismologicsl  stations  (the  master  sta¬ 
tion  of  Tirana  and  12  secondary  ones  (fig.  1),  which 
from  1975  are  able  to  detect  all  the  events  with  V.  ^.2.5 
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occur ing  in  our  country  and  near-by.  On  (fig.  2,  3)  there 
are  presented  two  maps  of  epecenters  of  the  Albanian  earth¬ 
quakes;  as  it  is  seen,  Albania  is  a  country  with  a  high 
seismic  activity. 

2.  THE  MACROS  BIS  me  FIELD  LEVEL 

The  observed  effect  of  the  earthquakes  on  the  surface 
is  expressed  in  degrees  (I),  velocity  (cm/sec),  or  accele- 
ration  (cra/sec^)*  In  our  country  in  the  tv?o  latter  years, 
we  have  set  up  a  strong  motion  network.  At  present  this 
network  contains  27  accelerographs  SMA-1  and  27  seismoscops 
WM-II.  As,  up  to  the  moment,  we  haven’t  got  any  information 
from  this  network,  we  have  done  the  evaluation  of  the  seis¬ 
mic  intensity  for  seismic  hazard  studies  according  to  I.EK- 
1964  scale.  On  the  basis  of  the  best  available  data,  speci- 
aly  on  the  earthquakes  of  which  ,  A  ,  h,  M,  and  I  ,  have 
been  defined,  we  have  found  the  relations  between  the  instru¬ 
mental  and  the  macroseismic  parameters  (Sulstarova,  E«,  1986). 
Making  use  the  method  of  the  ortodox  regression,  for  the 
macroseismic  field,  the  following  relations  are  found: 

IQ=  1.9M  -  3 .06 log  h  -  0.61;  h^  10km;  4.0  <  I, I  <  7.5  (1) 

I0=  1.75M  -  4.551og  h  +  3.45;  10  <h  4  40km;  4.0  4  H  * 7. 5;  (2) 

As  avarage  for  all  Albania: 

IQ=  2.1M  -  41  og  h  +0.44;  4.0  <  &U7.5  (3) 

On  the  basis  of  this  relations  we  have  concluded  that 
in  Albania  and  near-by  shakings  of  6  degrees  M3K-1964  are 
caused  by  earthquakes  with  M  >  4o9;  shakings  of  7  degrees 
with  M  >5»5t  and  those  of  8  degrees  by  earthquakes  with 
M>6.0;  while  the  ones  of  9  degrees  by  earthquakes  with 
M>  6.6. 

The  foci  of  Albanian  earthquakes  are  generally  located 
in  the  granitic  layer,  therefore  they  are  shallow  foci  up 
to  10-20  km,  few  earthquakes  have  depths  exceeing  50-70  km. 

For  mean  geological -engineering  conditions  are  found 
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the  relations  between  the  surface  outlined  by  the  isoseists 
with  magnitude  (M)  and  the  epi central  intensity  I  and  for 
these  surfaces  we  have  found  the  avarage  expected  radius 
in  which  shocks  with  h  10km,  epecentral  intensity  IQ  and 
magnitude  (M)  in  our  country  are  felt  or  may  be  felt  at 
different  range  of  intensity  as  are  presented  at  table  1. 

Table  Nr*  1 
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Graphically  these  quantities  are  represented  on  fig.  4. 

There  are  found  the  coefficients  of  the  attenuation  of 
intensity  along  and  across  the  extention  trend  of  the  struc¬ 
tures  (the  coef f icient ^(Sulstarova,  E.,  1986). 

The  above  pararaetres  are  of  a  special  importance  for 
the  studies  of  the  seismic  risk  and  seismic  hazard. 

Generalizing  the  isoseismal  maps  of  the  strongest  earth¬ 
quakes,  from  the  maximum  intensity  observed  in  all  inhabited 
centers,  from  Albanian  earthquakes  foci  maps  (taking  into 
consideration  the  above  relations  of  the  macroseismic  field) 
the  map  of  the  maximum  observed  intensities  for  the  period 
1800-1985  was  compiled  (fig.  5)*  This  map  presents  the  macci- 
anua  surface  effehtes  of  the  earthquakes  in  our  country. 

3.  DISTRIBUTION  IN  SPICE  AND  TIME  OF  SEISMIC  ACTIVITY 

In  the  studies  of  seismic  hazard  the  final  objective  is 
to  define  the  focus,  the  magnitude  and  the  time  of  the  futu¬ 
re  event.  As,  up  to  the  present  time,  is  impossible  to  acco- 
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unt  for  all  the  processes  that  take  place  In  an  earthquake 
focus ,  our  efforts  are  made  to  determine  the  average  seis¬ 
mic  hazard  by  combining  various eopirio  relations  and  stati¬ 
stical  models  or  by  defining  some  criteria  of  the  distribu¬ 
tion  of  earthquakes  in  time  and  space*  Such  analysis  requi¬ 
res  homogenity  of  seismological  data  in  space,  in  time  and 
within  energy  range*  These  requirements  for  our  country  can 
be  fulfilled  if  we  take  into  consideration  all  the  events 
of  JJ^6  degrees  M3K*^4  for  the  period  1901-1985* 

Frequency  distribution  of  earthquakes  as  a  function  of 
their  magnitude  has  first  hand  importance  in  the  study  of 
the  seismicity  of  a  region.  Already  is  known  the  law  of  earth¬ 
quake  recurrence,  which  is  known  as  the  law  of  Guteraberg- 
Richter  (1954)* 

log  U(M)  «  a  -  b  M  .  (4) 

The  exponential  function  of  this  distribution  is  consi¬ 
dered  the  law  of  earthquake  recurrences.  This  relation,  . 
which  has  become  very  useful  in  statistical  seismology  over 
the  last  decades,  is  widely  used  in  our  statistical  ela¬ 
borations  and  in  our  studies  of  seismic  activity. 

Coefficient  "a”  indicates  the  level  of  seismicity  of 
a  region  and  is  considered  to  be  the  average  index  of 
yearly  seismic  activity,  while  the  coefficient  "b"  is  con¬ 
sidered  a  representative  seismotectonic  parameter  and  is 
dlrectely  related  with  the  field  of  stresses  that  acts 
in  a  given  region  (Mogi,  K*,  1962,1963;  Scholz,  C.  M*, 

1968)*  The  changes  in  value  of  this  coefficient  in  time  are 
used  in  earthquake  prediction* 

By  the  least  square  method  and  by  the  data  of  the  period 
1901-1985,  the  law  of  earthquake  recur cence  normed  for  a 
period  of  one  yar,  for  our  country,  was  found  to  be* 

log  H  -  5.74  -  1.09M;  4.6«M<-7.0  (5) 

Whereas  using  the  method  of  maximum  likelihood  (Utsu,  T«, 

1965;  Aki,  K.,  1965)  the  following  relation  was  obtained* 
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« 


log  N  =  5.74  -  1 .101.1;  4.6  <  1.1  <  7.0  (6) 


As  can  be  seen  both  methods  give  more  o£  less  the  same 
result.  Coefficient  b»  1.10  approximates  the  world  valeu 
for  shallow  earthquakes  (Utsu,  T. ,  1975)  and  the  value 
obtained  for  the  shallow  earthquakes  of  Europe,  b=  1.01 
(Kamik,  V.,  1979) 

The  relation  log  N(M)  is  *  linear  one  and  is  implied 
that  lower  and  the  upper  limit,  of  magnitudes  is  unlimited. 
If  we  take  into  account  that  the  volume  of  the  rocks  in 
the  zone  of  the  earthquake  focus,  that  is  subject  of  a 
determined  field  of  stresses,  is  limited  then  in  compre¬ 
hensible  that  must  exist  an  \ipper  limit  of  the  magnitude, 


respectively  For  seismic  risk  analysis  we 

are  interested  in  the  upper  limit  of  magnitude,  '‘max* 

As  a  matter  of  fact  there  exists  no  reliable  determini¬ 


stic  approach  for  an  estimation  of  the  upper  bound  magni¬ 
tude  value  within  a  certain  region.  The  most  popular  pro¬ 
babilistic  approach  is  the  application  of  the  Gumbel 
theory  of  largest  value.  The  advantage  of  the  method  is 
that  it  uses  only  extremes  within  cartain  intervals 
(generally  every  year) ,  thus  ingnoring  the  influence  of 
aftershocks  and  the  usual  incompleteness  of  data  in  the 
long  magnitude  range. 

In  our  country  is  used  the  first  Gumbel  asymptotic 
distribution  and  latter  his  third  one;  the  latter  being 
preferable  because  it  sets  an  upper  magnitude  limit  and 
curvature  to  earthquake  data. 


In  the  first  Gumbel  distribution  the  probability  mo¬ 
del  of  Epstein  et  al,  (1966),  have  been  used.  Por  this 
model  to  be  applied  the  supposition  must  be  made  that 
earthquakes  are  events  indipendeni  of  each  ether  and  con¬ 
stitute  a  Poissonian  prosses,  which  for  the  earthquakes 
in  Albania  is  ascertained  (Sulstarova,  2.,  1975,  1930). 
Prom  this  model  we  have  obtained  the  relations 


log  IT  =  3.96  -  0.301.;; 


4.6  $  <  7.0  (7) 


8 


According  to  the  above  relatione  (5,  6,  7)  can  be  found: 
the  average  number  of  earthquakes  for  every  range  of  magni¬ 
tudes,  the  avarage  period  of  their  recurrence  (in  years) 
with  magnitude  greater  than  M  (1M»  ) ,  the  maximum 

yearly  magnitude  which  can  be  obsserved  more  frequently 
(M  «  -°&-e )  and  the  seismic  hazard  for  all  the  country 
as  a  probability  of  the  occurrence  of  an  earthquake  with 
greater  or  equal  magnitude  U,  for  D  years  according  to 
the  following  formula:  -qm 

RjjCM)  «  1  -  exp  (- «  D  )  (8) 

oc  and  (5  are  coefficients  found  with  the  method  of  the 
least  squares  and  have  the  respective  values: 

*Ca  9119,025;  P  »  1.8437;  in  formula  (7)  a  «=  ; 

In  (10) 

*  P 

In  (10) 

By  vising  equation  (8)  we  can  see  that  in  our  country 
7  degree*s  earthquakes  (M>5.5)  should  be  expected  every 
5  years,  earthquakes  of  8  degrees  (M>6.0)  every  10  years, 
while  9  degrees’ earthquakes  (M^-6,6)  every  30  years  (pro¬ 
bability  80-97%). 

The  first  distribution  of  extrem  values  at  the  upper 
bound,  as  mentioned  above,  is  limited.  In  regard  to  the 
fact  that  for  every  region  must  exist  an  upper 
which  is  determined  by  the  dimentions  and  the  physico-mecha- 
nical  properties  of  the  bloc  or  microplate  where  is  going 
to  generate  the  future  earthquake  as  well  as  seismic  ener¬ 
gy  accumulated,  recently  the  third  Gumbel  asymtotic  distri¬ 
bution  is  used: 


III 


■  exp 


/  cj  -  x 
^  cj  -  u 


(9) 


where  K>0;x*oo;u<tO;  ^  -  is  the  upper  magnitude 

limit;  K  «  1/^  is  the  shape  parameter,  u  -  is  the  charactri- 
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stic  largest  value.  It  follows  that: 

III  ,  ^  III 

<p  =  e”1  ,  <f>  =  1.0 

'  F  (u)  F  (co) 

The  three  parameters  were  calculated  by  the  least  snu- 
are  method  for  the  data  of  the  period  1901-1985  (Sulstnro- 
va,  3,,  Ko$iaj,  S.,  1986);  annual  intervals  were  used.  The 
curve  of  the  third  asymptotic  distribution  defined  by  oJ- 
7.46,  A*  0.26  k  =  3.83  and  u  =  4.99  fits  the  observed  data 
cuitewell.  They  can  be  used  for  the  calculation  of  some  use¬ 
ful  euantities,  for  instance  of  the  return  periods  or  of 
the  largest  magnitudes  which  can  be  exceed  with  a  given  pro¬ 
bability  in  the  future  (the  interval  should  not  be  longer 
than  the  observation  interval)  or  of  the  expected  largest 
ir  ignitude  or  of  the  most  probable  largest  (mode)  within  the 
next  n  years. 

The  probability  of  a  magnitude  to  be  equal  or  greater 
than  M  will  be: 

P  (1,1)  -  1  -  d? 111  (10) 

F(x) 

The  return  period  of  shocks  with  magnitude  equal  or 
greater  than  a  given  threshold  values  is  defined  as: 

III  -1 

I  -  (1-4)  )  (11) 

T?w 

The  value  co  «  7.46  can  be  considered  as  the  magnitude 
of  the  largest  possible  event  in  Albanian  area. 

Vftien  applying  the  results  we  must  take  into  account  that 
the  Gumbel  theory  ic  based  on  several  assumptions: 

-  the  conditions  prevailing  in  the  past  must  be  valid 
in  the  future; 

-  the  largest  events  observed  in  a  given  interval  are 
independent; 

-  the  behaviour  of  the  future  largest  events  will  be 
similar  to  that  in  the  past. 

According  to  the  algoritm  proposed  by  itoccn  et  al  (1984), 
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based  on  the  third  Gumbel  distribution,  Koqiaj,  S.,  (1986) 
prepared  a  programme  and  with  the  data  of  1800-1983  has  co¬ 
mpiled  the  map  of  the  maximum  expected  magnitudes  (fig.  6). 
According  to  this  map  the  maximum  expected  magnitude  is 

\«i  -  -  -r.  5 

4,  GBOLOGICAL  OBIJERU  Of  THB  SEISMICITY  OF  A.LBAH1A. 

The  period  of  seismological  recordings  (historical  and 
instrumental)  is  relatively  short  and  conseouently  is  di¬ 
fficult  to  decide  for  the  seismic  activity  of  a  country  only 
with  the  seismological  data,  and  moreover  for  the  strangest 
probable  earthquakes  the  recurence  period  of  which  is  rela¬ 
tively  long. 

The  earthquakes  are  phenomena  accompanying  the  present 
geological  situation^  manifestations  of  the  deep  tectonic 
processes.  There  is  a  close  connection  between  the  earth¬ 
quakes  and  the  neotectonic  structure  which  crops  up  on  the 
surface.SBie  earthquakes  lead  to  new  changes  in  the  geologi¬ 
cal  structure,  therefore  to  evaluate  the  seismic  hazard,  is 
indispensable  to  ca  .y  out  special  geological,  geophysical 
and  geodetic  studies. 

Intending  the  study  of  the  seismicity  in  Albania,. to 
have  carried  out  special  seismotecotnic  studies,  and  widely 
used  the  geological  and  geophysical  studies  on  the  geologi¬ 
cal  and  tectonic  construction  of  our  territory  carried 
out  by  other  specialists. 

The  geodetic  studies  on  today  Barth’s  Crust  movements, 
in  our  country, are  at  their  beginning.  In  some  zones  of 
Vlora,  DurrSs  and  Shkodra  are  set  up  special  geodetic  net¬ 
works. 

The  edismotectdnic  (Alia;],  3h.,  1980,1983,  1986),  geophy¬ 
sical  and  earthquakes  focal  mechanism  studies  (Sulstarova, 
E.,  1980,  1983,  1986),  have  indicated  that  our  territory 
and  near-by  is  devided  in  some  blocks  or  "microplates”  by 
deep  faults  with  NW  and  IIE  extension.  The  seams  that 
border  these  ’’microplates”  (longitudinal  and  transversal 
deep  fault  zones)  are  seismogenetic  structural  elements. 

The  main  cause  of  seismic  activity  in  these  borders  is  the 
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collision  between  the  two  ;re  .t  plates,  the  Uuroi.ef.Tbic 
and  African  ones.  In  this  process  an  import -nt  role  ic 
plaied  by  the  "  Adriatic  promontory'/  of  the  African  plate 
which*  due  to  its  northern  .motions,  our  territory  and  near¬ 
by  exerts  stresses  and  is  responsible  of  the  seismic 
acitivity  of  our  country. 

Confronting  the  fault  zones  with  cart  hr  lakcm  genora- 
ted  by  them,  we  have  determined  the  seismoactive  deep 
fault  zones  in  .Albania,  their  expected  seismic  energy  and 
their  respective  mechanism  (fig.  7)  (Bulstarova,  E.,  1906). 

Based  on  the  geological  and  tectonic  structure  of  our 
country,  on  the  dimension  of  the  mic. opiates  and  the  seis- 
mological  data  as  well,  the  maximum  magnitude  of  earthqu¬ 
akes  in  .Albania  should  not  exeed  7.2  (Sulstar  ova, 

E.f  1975,  1983). 

5.  THE  LAP  OF  THE  SPITES  0?  JUITili-UAKB  FOCI  OP  AlBJIIA 
Oil  THE  BASIS  OP  SSISIJOhOGIC.AL  ITP  GEOLOGICAL  DATA 


According  to  the  seismotectonic  and  seismologicul  data 
we  have  compiled  the  map  of  the  zones  of  earthquakes  in  Al¬ 
bania  with  the  respective  dimensions  and  seismic  energy 
(fig.  8)  (Sulstarova,  E«,  at  al,  1980,  1982). 

6.  THE  I'.’.lP  Ok  THE  SEICJ.JC  UEUICUALIZ ATIOH  OF  THU  PSH 
OP  AU3AHIA 

I 

Prom  the  mag  of  the  zones  of  earthquake  foci  (fig.  8) 
according  to  the  avarage  radius  of  the  attenuation  of 
intensity  from  the  focal  zone,  we  have  compiled  the  map  of 
seismic  regionalization  of  the  PSR  of  Albania  on  scale 
1:  5 00  000  (fig.  9). 

This  ma?  is  compiled  accordingto  the  principle  that 
an  earthouake  may  occurre  at  every  point  of  the  focus. 

The  map  of  seismic  regionalization  represents  the 
maximum  expected  intensity  for  mean  soil  conditions 
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expressed  in  degrees  according  to  LEK-1964  scale* 

For  mean  soils  we  have  accepted  the  soils  of  most  in¬ 
habited  centers  of  our  country  (most  ordinary  soils), 
where  the  libasic  intensity  is  equal  to  the  maximum  intensi¬ 
ty  observed:  thick  loose  ouaternary  deposits  of  deep  level 
of  underground  waters, below  5  m  from  the  surface  of  the 
earth,  (sands,  fine  sands,  day  fine,  clay  gravel)*  These 
soils  are  situated  at  the  field  part  of  the  country.  In  j 
tMs  category  we  have  also  included  the  hard  and  semi  - 
hard  rocks  at  a  relief  mean  diff erenciated. 

At  the  seismic  map  there  are  distinguished  three  cate¬ 
gories  of  zones,  zones  with  I»VIII,  VII,  VI  degrees  (MSK-64) • 
At  some  strong  focal  zones,  due  to  bad  soil  conditions, the 
seismic  intensity,  may  attain  up  to  9  degrees.  The  seismic 
map  represent  the  expected  seismic  hazard  in  Albania  for 
the  100  future  years* 

II.  SEISMIC  MICROZONING  OF  URBAN  AREAS 

As  we  have  manshened  above  (part  I),  seismic  zoning 
provides  information  for  the  distribution  in  space  and 
time  of  the  expected  seismic  hazard  relatevly  in  large  zo¬ 
nes.  Most  of  the  studies  carried  out  in  our  country  and 
in  others,  dealing  with  distribution  of  the  damages  by  lar¬ 
ge  earthquakes,  indicate  that  large  differences  in  the  ex¬ 
tend  of  damage  often  occure  over  relatevely  short  distances, 
that  the  areas  of  intensive  damage  are  highly  localized 
and  that  the  amount  of  damage  may  change  abrubtly  over  dis¬ 
tances  as  short  as  0.5  to  1  km*  Damages  to  engineering 
structures  caused  by  earthquakes  is  known  to  depend  on  some 
factores,  which  are;  seismological  ones  -  amplitude,  fre¬ 
quency,  time  duration  of  strong  motion,  engineering- 
geological  -  the  concrete  soil  conditions  and  constructive 
-  the  tjpe  of  the  engineering  structures  and  the  building 
materials.  Therefore  evaluating  the  real  seismic  hazard  at 
an  area  where  is  foreseen  to  build  engineering  structures 
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with  special  economic  or  political  importance  or  merely 
for  urban  planning,  it  is  indispensable  to  be  carried  out 
detailed  seismological, engineering-seisnological  and  com¬ 
plex  engineering-geologic al? geophysical  studies,  called 
seismic  microzoning  studies  based  on  the  seismic  regionali¬ 
zation.  Thus,  to  determine  the  seismic  has  ird  of  an  urban 
area,  we  have  to  find  the  superficial  effect  that  nay  cau¬ 
se  all  the  earthquake  foci  of  this  sone  or  the  seismogentic 
zones  as  it  is  shorn  at  fig.  10. 

At  our  covin  try  such  studies  have  begun  at  1531,  and  are 
realized  as  presented  Cin  flow  diagram  fig.  11. 

1.  The  seismological.  neotectonic  (using  the  nicrotecto- 
nic  method)  and  the  seismotectonic  studies  of  the  surroun¬ 
ding  zone  of  the  site  (with  a  ray  that  goes  to  50  km)  on 
scale  Is 500  000 

The  seismological  studies  aim  to  explain  the  historical 
and  recent  activity  and  its  trend  at  a  region  subject  to 
our  study.  Prom  these  studies  vie  determines 
a  -  Barth quake  source  mechanism, 
b  -  maximum  expected  magnitude, 

c  -  the  attenuation  of  the  energy  from  earthruake  foci  to 
the  site, 

d  -  amplitude  and  the  frecruencial  content  of  the  represe¬ 
ntative  earthquake  (short  or  long  distant), 
e  -  acitive  fault  zones, 

f  -  from  them  are  selected  the  accelerograms  as  input  data, 
which  serves  to  calculate  the  real  seismic  haz'.rd. 

2.  Complex  engineering-geological,  geophysical  and 
hydrological  studies  of  the  site  on  scale  lslO  000 

Thes*  studies  includes  neotectonic,  engineering  -  geolo¬ 
gical,  geomorphologic,  hydrogeolcgic,  shollow  bore  holes, 
elemetrometric  surveying,  seismic  refraction,  electric  and 
accoustic  measurments  and  velocity  measurnent  as  well.  The¬ 
re  are  also  included  in-situ  and  laboratory  tests.  Prom 
them  we  made  known: 

a  -  Topographic  configuration  of  the  bedrocks, 
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b  -  thicknees  and  the  kind  of  the  deposits  situated  on  the 
bedrocks, 

c  —  physical -mechanical  and  dynamic  proporties  of  the  soils 
of  each  layer  or  sublayer, 
d  -  respective  geotecnical  models. 

3.  &igineering-Seismological  studies  of  the  site  on 
scale  1*10  000 

In  these  studies  there  are  included*  Vs  and  Vp  surface 
and  bore  holes  measurments,  microtremor  and  small  earth cu- 
ake  measurments,  analytical  studies  for  the  dynamic  behavi¬ 
our  of  soils,  and  studies  on  the  damage  caused  by  past 
earthquakes.  These  studies  aim  to  evaluate,  instrumentally 
and  analyticaly, the  actual  influence  on  the  local  ground 
shaking.  Prom  them  are  obtained: 

a  -  the  increase  intensity  in  degrees  as  regard  the  etalon 
ground, 

b  -  based  on  the  selected  representative  accelerogram  for 
the  bedrocks  (we  have  selected  the  one  recorded  during 
the  main  shock  of  April,  15,  1979  earthquake ‘.M**  7.2  at  the 
bedrocks  of  Ulqini  and  on  the  geotectonic  models  of  the 
urban  area,  which  represent  L(W)  filters  that  modify*  this 
accelerogram  B(V/)*  as  it  is  shown  at  fig.  12;  We  could  do 
the  analytical  evaluation  of  strong  motions  by  means  of 
acceleration  respons  spectra  (SA.),  the  velocity  (SV),  the 
displacement  (SD)  and  the  Fur;je  spectra  (PL). 

These  results  are  confronted  with  the  damages  caused 
by  earthquakes  in  the  past. 

Based  as  above,  we  compiled  the  seismic  microzoning 
maps  of  sotoe  urban  areas  in  different  variants.  The  more 
important  are  two* 

First  variant  -  is  based  on  the  methods  taking  into 
account  the  elastic  behaviour  of  the  soils;  in  this  case 
the  evaluation  of  the  seismic  intensity  is  calculated  in 
degrees  (M3K-1964  scale). 

In  this  variant  the  seismic  intensity,  given  by  the 
map  of  the  seismic  regionalization  for  the  concrete  sane  is 
precised  basing  on  three  mothods* 
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a  -  on  the  complex  engineering  geological  method  -  at  this 
case  increase  intensity  varies  ±  1  decree  in  record  to  the 
mean  soils  (as  shorn  on  the  map  of  the  seismic  regionliza- 
ticn)  and  according  to  the  given  geotecnical  model* 
b  -  on  accoustic  impedance  method  and  to  the  hydrogeologi¬ 
cal  conditions,  (I.iedvedev,  S.V.  1977)* 

c  -  microtremors  method,  based  on  the  maximum  amplitudes  and 
on  the  predominant  periods  of  the  nicrotremors  (Konaf,  K., 
Tanaka,  T.,  1961,  Kanai,  K.  et  al  ,  1965). 

Prom  these  three  methods  we  may  find  the  mean  value  of 
increase  intensity  as  regard  the  mean  soil  contiditicn. 
Second  variant  is  based  on  the  methods  which  take  into 
consideration  the  nonelastic  behaviour  of  the  soils  (elasto 
-plastic  behaviour  of  the  soils).  These  methods  are  analy¬ 
tical  ones.  At  this  case  are  used  such  parameters  as  acce¬ 
leration,  velocity,  displacement  or  their  respons  spectra. 

At  this  present  phase,  the  response  spectra  are  deter¬ 
mined  by  the  analytical  accelerograms  resulting  by  the  com¬ 
putation  of  the  dynamic  behavior  of  the  geotecnical  models 
under  expected  seismic  exitation. 

Based  on  the  acceleration  respons  spectra,  the  soils 
of  our  three-towns  Vlora,  Durres  and  Shkodra  may  be  divi¬ 
ded  in  three  categories. 

In  the  microzoning  maps  are  presented  also  the  geolo¬ 
gical  phenomena  which  may  create  undesirable  effect  during 
an  earthquake  ass 

-  aluvial  and  deluvial  covers, 

-  active  and  tectonic  faults, 

-  new  archeolcgic  deposits, 

-  water  saturated  sand  zones,  soft  clay,  mud  and  torfe 
where  may  oe  created  the  phenomenon  cf  licucf action 
and  thixotropy. 
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in,  SOME  CHARACTERISTICS  OP  THE  NEW  ASEISMIC  DESIGN  TECHNIC 
CAL  REGULATIONS 

The  first  aseismic  regulation,  for  constructions  based 
on  the  static  method  were  adopted  in  1952.  At  1963 ,  based 
an  the  dynamic  method,  were  approved  new  aseismic  design 
technical  regulations  which,  taking  into  consideration 
the  engineering  analysis  of  the  consequences  of  the  earth¬ 
quakes,  and  specially  of  the  one  of  April  15,  1979,  at 
1978  and  1981  were  revised  and  had  some  improvements. 

The  high  rhy tines  of  buildings  lay  down  the  necessity  to 
know  better  the  earthquakes  action  to  the  structures  and 
to  adopt  more  justifying  technical  and  economical  crite¬ 
ria  in  aseismic  design.  Based  on  our  experience  and  the 
experience  of  other  countries  we  have  compiled  a  draft 
aseismic  design  Technical  Regulations. 

The  purpose  of  these  new  Technical  Regulations,  com¬ 
bining  the  technical  criteria  with  the  economical  ones, 
is,  at  first,  to  secure  the  life  of  the  people  and  to 
reduce  at  the  maximum  possible  the  material  damages  that 
may  be  caused  by  earthquakes.  Theift  aim  is  that  the  cons¬ 
tructions  may  resist j 

a  -  to  the  earthquakes  a  low  intensity,  which  are 
very  frequent  in  our  country,  without  damages; 

b  -  to  the  earthquakes  up  to  8  degrees,  without  impor¬ 
tant  structural  damages; 

c  -  to  the  large  earthquakes,  without  heaT^y  destructi¬ 
ons  or  heavy  demages. 

In  general  they  aim,  at  probable  events,  that  the  con¬ 
structions  may  stand  utiliaable  (without  repairs  or  partial 
repairs)  after  them. 

Prom  the  engineering  point  of  wiew  the  aseismic  con¬ 
structions  may  be  realisad  conceiving  such  suitabble  con¬ 
structions  able  to  absorbs  the  seismic  energy  trasmeted 
through  theit  foundations  without  distructions  or  heavy 
damages.  It  is  aimed  to  be  attained  since  at  architectu¬ 
ral  treatment  making  an  effort  to  arrange  the  building 
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configuration  to  be  simple,  to  hive  the  messes  end  regidi- 
ties  to  be  symmetrical  end  uniformly  distributed  end  to 
avoid  irregular  shapes,  any  abrupt  change  in  elevetion  pi  si). 

At  the  new  Technical  Regulations  we  have  decided  for 
a  unioue  calculation  method  for  various  types  of  con3tructi 
ons  based  on  the  modal  analysis  method, 

Parallely  to  the  adoption  of  the  standard  design  spec¬ 
tra,  computations  using  suitable  and  sintetic  accelerograms 
will  be  used, 

/vs  regards  to  the  general  aspects  of  the  calculations, 
we  have  conserved  the  concept  of  the  direct  calculations 
method  of  seismic  forces  at  different  points  (levels)  of 
the  analysed  structures.  The  design  seismic  forces  S .  at 

'  til 

the  point  (level)  "kH  that  coresponding  to  the  i  mode 
of  the  free  vibrations  of  the  structure  is  obtained  from 
the  formulas 

Ski  58  Xs  kr  kaY  k  (12) 

where: 

Qj^-  gravitational  load  concentrated  at  point  (level)  k; 

k  -  seismic  coefficient  which  is  determined  taking  into 
account  the  seismic  intensity  of  the  urban  area,  according 
to  the  seismic  regionalization  or  seismic  microsoning  maps, 
and  the  concrete  conditions  as  given  at  the  table  nr,  2 
below: 

THE  VALUE  0?  THE  COEFi'ICIElIT  K- 

s 

Table  Hr,  2 


r 


The  category 
of  the  soil 

Seismic  intensity  in  degrees 
(I.EK  -  1964  scale) 

7 

8 

9 

I 

■  - 

0.08 

0,14 

0.23 

II 

0.11 

0.22 

0.35 

III 

0.14 

0,25 

0.42 
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kr-  importance  factor,  as  regard  to  the  importance,  the  con¬ 
structions  are  classif icated  into  5  groups  and,  according 
to  these  groups,  the  value  of  this  coefficient  varies  from 
0.5  (fifth  group)  to  1.75  (first  group); 

kd-  allowed  damage  factor,  the  value  of  which  varies  from 
0.25  to  1.0;  1.0  is  the  canstruciton  where  are  not  allowed 
residual  deformations; 

S'  -  which  takes  into  account  the  material  and  structure 
type,  the  values  of  which  varies  from  0.8-1. 7  (the  factors 
kd  and  <f  ,  which  may  be  compacted  in  a  single  one,  account 
for  the  ductility  and  damping  in  the  oonstrucitons); 

fy-  dynamic  coefficient  determined  as  function  of  the  pe¬ 
riod  of  own  vibrations  of  the  system,  Tif  and  the  natyre  of 
fondation  soils  by  curves  fig.  14  (as  it  is  seen,  we  thought 
to  take  into  consideration  the  influence  of  the  soils  con¬ 
ditions  twicei  at  kgand  Pi  ); 

o,  coefficient  depending  on  the  deformation  curve  of  stru- 
th 

cture  at  i  mode  of  vibrations  and  on  the  point  of  appli¬ 
cation  of  the  load  Qfc. 

The  formula  (12),  proposed  to  calculate  the  seismic  for¬ 
ces,  allow  possible  improvements  that  may  be  made  to  its 
coefficients.  Special  structures  with  horizontal  member  spa- 
nlng  more  than  20  m  will  be  calculated  considering  the  ver¬ 
tical  seismic  action  as  well.  In  these  cases  p  is  proposed 
to  be  taken  as  2/3  of  its  value  in  the  case  of  the  horizo¬ 
ntal  action. 

It  is  proposed  that  the  combination  of  modal  values  be 
carry  out  by  taking  the  square  root  of  the  sum  of  the  squ¬ 
ares  of  each  of  the  modal  values.  Also,  it  is  porposed  that 
the  combination  of  design  loads,  due  to  the  action  of  the 
seismic  horizontal  component  (refering  to  x  and  y  axes)  and 
vertical  one  (refering  to  z  axis),  be  carry  adding  the 
design  loads,  due  to  the  seismic  aotion  according  to  one 
axis  with  those  duo  to  two  ether  ones,  reducing  the  letters 
by  the  coefficient  A<0.3. 
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For  all  kinds  of  constructions  great  importance  is 
attached  to  the  problems  and  technical  structural  precauti¬ 
ons* 

IV.  ON  TLuJ  UnUliD.'flIGir  0?  COinSEOUENCES  OF  TIE  3ARTH* 
0.UAK3S 

Since  the  liberation  of  the  country  on  November  29,  1944 
the  consequences  of  the  earthquakes  are  completely  liquida¬ 
ted,  within  a  short  period  of  time,  with  the  expences  of 
the  state  and  the  contribution  of  all  our  society* 

Here  is  an  examples  The  earth nualte  of  April  15,  1979, 
M*7*2,  the  epecenter  of  which  were  near  our  Northwestern 
border,  at  Monte  Negro  (Yugoslavia) ,  in  our  country  rased 
to  the  ground  or  made  unfit  for  use  17122  houses,  eco¬ 
nomic  and  social -cultural  buildings  in  551  villages  and 
some  towns  like  Shkodra,  lezha,  Sheng j in  and  Hreshen. 

100  000  inhabitants  were  left  homeless. 

For  the  elemination  of  the  conseauences  of  this  earth¬ 
quake  there  were  involved  25  000  persons,  who  liquidated 
completely  its  consequences  for  5  months,  on  October  1,  1987. 
Many  new  villages  and  many  new  quarters  in  the  affected  to¬ 
wns  were  set  up. 

For  the  liquidation  of  the  consequencies  of  the  earth¬ 
quakes  we  use  to  act  like  this: 

-  the  local  state  organs  with  the  aid  of  central  ones 
take  iramediat  measures  and  give  the  first  help  to  the  affe¬ 
cted  people } 

-  a  special  group  of  experts  as  engineers,  tecnicians, 
etc.  is  set  up,  their  task  being  to  point  out  the  damages 
caused  in  every  object  and  compile  the  .respective  documen¬ 
tation; 

-tba  respective  Design  Institutes  set  up  speci si  worki¬ 
ng,  groups,  who  study  and  design  the  objects  to  be  bulled 
and  compile  the  respective  projedts  for  the  necessary  re¬ 
pair  ....  Following  the  projects,  the  building  materials  are 
to  he  calculated. 
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According  to  the  terms  defined  by  the  Council  of  Mini¬ 
sters  in  the  decision  for  the  liouidation  of  the  consequ¬ 
ences,  the  number  of  the  participants  in  the  work  is  deter¬ 
mined,  end  other  necessary  planifi cations  are  made  as  well* 
A  special  enterprise,  set  up  for  the  purpose,  takes  all 
the  measures  for  the  elemination  of  the  consequences. 
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1.  Introduction  end  Summary 

The  widely  differing  damage  observed  locally  in  earthquakes  lends  weight  to 
the  long  held  assumption  that  site  intensity  is  greatly  influenced  by  local 
geology  and  topography.  In  the  last  20  years,  measurements  and  numerical 
investigations  have  given  an  indication  of  the  extent  of  this  dependence.  This 
contribution  gives  an  overview  of  the  theoretical  assumptions  involved. 

Based  on  a  recent  investigation,  primarily  the  influence  of  the  topography 
will  be  discussed.  The  situation  today  is  that  although  powerful  methods  of 
analysis  are  available,  it  is  still  not  possible  in  an  actual  case  to  predict 
easily  these  site  influences. 

2.  Influence  of  Geology 

The  first  models  to  account  for  the  effects  of  local  geology  were  developed  as 
long  as  fifties  years  ago.  The  simplest  model  consists  of  vertically 
propagating  shear  waves  [1]  -  see  also  Fig.l.  It  is  obviously  suited  to 
horizontally  layered  ground.  With  the  introduction  of  the  method  of  linear 
equivalent  soil  properties  by  Seed  and  Idriss  [2]  about  20  years  this  model 
gained  wide  acceptance  in  practice  and  is  still  the  most  popular  one. 

In  the  seventies  there  followed  various  methods  of  nonlinear  total  stress 
analysis  based  on  vertically  propagating  shear  waves  [3],  [4],  [5]  and  for 
effective  stress  analysis,  e.g.  [6].  At  the  same  time  there  appeared  methods 
of  horizontal  wave  propagation  analysis  in  layered  media.  In  these  cases  the 
number  of  parameters  increases  rapidly  (  body  waves  with  different  incident 
angles,  different  modes  for  Rayleigh  and  Love  waves,  etc) . 

One  of  the  main  problems  in  the  practical  use  of  all  these  methods  is  the 
difficulty  of  obtaining,  with  the  pretent  available  means,  the  proportion  of 
energy  in  each  wave  type  for  near  surface  waves  from  existing  seismological 
data.  In  addition,  there  is  the  fact  that  the  system  of  layers  is  often  not 
horizontal.  For  these  reasons  the  ground  motions  cannot  be  determined 
accurately  using  the  abovementioned  models.  Thus  in  many  cases  one  has  to 
resort  to  the  finite  element  method.  It  is  then  possible  to  consider  besides 
irregylar  geometries  also  nonlinear  material  behaviour.  On  the  negative  side 
the  computer  costs  are  proportionately  higher.  References 
HI,  [8]  give  relevant  information  on  currently  used  material  models. 

Mhich  of  the  proposed  methods  is  the  best  for  a  particular  situation  is  still 
a  matter  of  discussion  and  further  research  is  required.  One  area  where  there 
is  work  to  be  done  is  in  the  back-analysis  of  observed  earthquake  intensities. 
The  post  earthquake  analysis  of  the  event  at  the  Humbold  Bay  power  plant  [9] 
does  in  fact  show  that  such  calculations  can  produce  reasonable  results. 

It  should  be  pointed  out  that  in  such  coitplex  investigations  it  Ds  necessary 
to  have  the  corresponding  input  data  for  geometry  and  material  properties. 
Obtaining  this  data  may  be  rather  expensive.  Nevertheless,  the  finite  element 
method  is  a  useful  tool  to  investigate  local  geological  and  topographical 
effects  for  important  structures.  For  investigations  covering  a  wider  area,  on 
the  other  hand,  as  in  the  case  of  microzonation,  this  method  is  precluded 
because  of  the  high  expenditure  and  use  must  be  made  of  the  simpler  :stodels 
offering  greater  ease  with  regard  to  parameter  studies. 


3.  latlntne*  of  Topography 

3.1  Overview 

Pointers  to  the  influence  of  topography  on  seismic  intensity  are  quite  old. 
They  were  observed  even  in  the  last  century  in  the  1873  Southern  Italy 
earthquake,  in  which  damage  to  villages  perched  on  the  hilltops  was  greater 
than  that  for  villages  located  on  the  valley  floors.  Such  observations  of 
course  have  to  be  interpreted  cautiously,  as  in  earlier  times  either  for 
defence  or  agricultural  reasons  in  many  places  the  villages  were  primarily 
built  in  elevated  positions,  rather  than  in  the  valleys.  As  a  result  the 
older,  and  thus  poorer  quality  buildings,  tend  to  be  found  on  the  hilltops  and 
ridges.  Nevertheless  there  are  clear  indications  of  the  influence  of 
topography. 

Much  discussion  was  generated  by  the  acceleration  measurement  taken  at  the 
rocky  abutment  of  the  Pacoima  dam  during  the  San  Fernando  earthquake  of  1971. 

A  maximum  acceleration  of  1.25  g  exceeding  all  previous  observations  was 
measured,  though  the  concrete  dam  itself  was  not  damaged.  In  order  to  explain 
this  high  value  various  investigations  were  carried  out  by  different 
researchers.  One  of  the  best  known  is  that  of  Boore  [10].  The  results  of  his 
parametric  study  show  that  horizontally  progagating  SH  waves  normal  to  the 
valley  axis  undergo  the  greatest  amplif ication  in  the  hilltop  situation  (see 
Fig. 2) .  The  amplification  amounts  to  double  that  for  horizontal  ground.  In 
this  way  it  was  possible  to  correlate  the  measured  value  with  values  recorded 
on  level  ground. 

3.2  Recent  Studies 

Here  some  results  of  a  recent  investigation  carried  out  at  the  Swiss  Federal 
Institute  of  Technology  (Zurich)  are  reported.  Vogt  [11]  is  probably  one  of 
the  first  to  study  the  problem  of  a  valley  with  layered  ground.  His  study  was 
based  on  the  indirect  boundary  element  method  in  the  frequency  domain.  He 
studied  the  influence  of  arbitrary  prismatic  valley  shapes  on  the  seismic 
intensity.  The  waves  were  assumed  to  be  normal  to  the  valley  axis,  while  the 
body  waves  may  have  any  direction  of  propagation  with  respect  to  the 
horizontal.  The  ground  may  be  horizontally  layered,  enabling  the  combined 
effect  of  topography  and  layering  to  be  determined.  The  model  also  permits  the 
investigation  of  the  influence  of  Love  waves,  which  would  not  be  possible  with 
a  half  space  model.  The  basic  idea  of  the  analysis  is  illustrated  in  Fig. 3. 

The  two  dimensional  model  comprises  horizontal  layering  with  linear  elastic 
material  properties.  Material  damping  in  the  soil  is  considered.  The  analysis, 
which  is  carried  out  in  the  frequency  domain,  consists  of  the  following  three 

steps: 

Step  1  (State  F) :  A  horizontal  ground  surface  is  assumed.  For  a 
particular  wave  type  and  direction  of  propagation  the  stresses  and 
displacements  can  be  determined  at  each  point.  Both  the  interface 
conditions  between  layers  and  the  stress-free  surface  condition  can 
be  handled  exactly. 

Step  2  (State  P) :  The  stress-free  boundary  condition  on  the  valley 
surface  is  generated  by  means  of  a  number  of  dynamic  loadings.  The 
latter  are  determined  in  such  a  way  that  the  stresses  produced  at 
points  lying  on  the  ideal  valley  surface  exactly  cancel  out  the  values 
found  at  these  points  in  step  1. 
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Step  3  (Superposition) :  In  this  step  the  results  of  the  first  two  steps 
are  superimposed.  Since  the  valley  surface  is  stress-free  the  region 
below  it  can  be  separated  without  affecting  tho  stresses  or 
displacements  in  the  rest  of  the  model. 


The  method  outlined  here  is  valid  in  principle  also  for  three  dimensional 
situations.  The  computational  effort,  however,  increases  prohibitively  so  that 
such  investigations  are  only  realistic  with  the  new  generation  of 
supercomputers . 

Vogt  investigated  the  following  wave  types,  geometries  and  other  parameters: 
Wave  Types: 

Body  waves:  SH,  SV  and  P  waves 
Surface.  Waves :  Rayleigh  and  Love  waves 

Geometry: 

-  U  valley  form  with  and  without  layering,  and  the  layer  thickness 

one  or  two  times  the  valley  depth 

-  Direction  of  propagation  and  type  of  body  wave 

-  Frequency  and  relationship  wavelength  to  valley  width  (X^/L) 

-  Direction  of  propagation  and  type  of  surface  wave 

-  Relationship  in  the  case  of  layering  between  shear  wave  velocity  of 

layer  and  that  of  half  space  (Cg^/Cgg) 

-  Ratio  of  soil  density  in  the  layer  to  that  of  half  space  material 

-  Ratio  of  soil  damping  in  the  layer  to  that  in  the  half  space  material 

-  Poisson's  ratio  v  -  1/3. 

Figs. 4  to  14  present  a  selection  of  the  mo3t  important  results.  Their 
interpretation  may  be  summarised  as  follows : 

-  Topography  becomes  important  when  the  shortest  wave  lengths 

are  smaller  than  about  twice  the  dimension  of  the  valley 

-  The  influence  of  the  valley  is  noticeable  to  a  lateral  extent  of 

several  times  that  of  the  valley  width 

-  The  amplification  of  the  seismic  intensity  strongly  depends  on: 

-  valley  geometry 

-  layering 

-  wavelength  (X^) 

-  angle  of  incidence  (y)  of  propagating  wave 

-  local  site 

-  The  greatest  amplif ications  can  occur  at  or  near  the  valley, 
depending  on  the  parameters 

-  In  many  of  the  cases  investigated  the  valley  flanks  lie  in  zones  in 
which  the  seismic  intensity  is  strongly  influenced  by  topography 

-  The  valley  has  a  shielding  (isolation)  effect  only  in  a  limited 

number  of  cases: 

-  in  homogeneous  (non-layered)  ground  for  sloping  incident  SK 

waves  the  amplif ication  in  front  of  the  valley  is  generally  greater 
than  behind  it;  for  layered  ground,  on  the  other  hand,  it  is  possible 
for  greater  amplifications  to  occur  behind  the  valley 
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-  for  sloping  incident  SV,  P  waves  and  Rayleigh  waves  greater 

amplifications  can  occur  in  front  of  or  behind  the  valley  depending 
on  the  configuration  of  the  parameters;  thus  the  valley  only 
shields  against  seismic  waves  in  relatively  few  cases 

-  In  the  case  of  layered  ground  the  separate  effect  of  the  layering  on 
amplifications  can  be  much  greater  than  of  the  other  parameters 
involved. 


The  method  of  analysis  employed  in  the  work  of  Vogt [11]  described  above,  as  in 
most  of  the  previous  investigations,  assumed  elastic  material  properties.  In 
nature  the  ground  behaviour  can  be  strongly  nonlinear,  so  that  at  first  sight 
it  appears  that  the  results  could  not  be  applied  directly  to  the  real  life 
situation.  However,  on  the  basis  of  various  back-analyses  of  actual 
earthquakes  (see  e.g.  [9])  it  may  be  concluded  that  using  equivalent  linear 
soil  properties  a  reasonable  approximation  to  reality  can  be  achieved, 
provided  that  the  equivalent  elastic  parameters  are  properly  matched  to  the 
corresponding  strain  level.  Observations  show  that  the  greatest  strains 
generally  occur  near  to  the  ground  surface.  When  investigating  topographical 
influences  it  is  usua.l  to  consider  fairly  thick  layers,  which  are  relatively 
stiff,  and  so  the  linearized  parameters  do  not  deviate  greatly  from  the 
initial  low  strain  values. 

4.  Future  Prospects 

In  the  last  10  years  mucn  progress  has  been  made  in  the  analysis  of  the 
effects  of  geology  and  topography  on  earthquake  ground  motions.  Today  it  is 
possible  to  investigate  in  some  detail  a  particular  site  configuration.  The 
computer  costs,  however,  can  be  a  limiting  factor.  Despite  this  progress  the 
earthquake  engineer  must  be  warned  against  an  indiscriminate  use  of  these 
complex  methods  in  practical  situations.  In  reality  they  reflect,  for  the 
following  reasons,  an  accuracy  that  does  not  exist  in  practice: 

-  Carrying  out  the  complex  computer  analysis  is  justifiable  only  if  the 
input  parameters  (earthquake  excitation,  soil  profile,  topography  and 
material  properties)  are  accurately  known.  To  obtain  these  parameters 

in  a  particular  investigation  usually  involves  excessive  expenditure.  It 
is  virtually  impossible  to  assess  the  accuracy,  i.e.  reliability,  of  the 
input  data. 

-  Despite  the  enhanced  methods  of  modelling  available  nowadays,  for 
cost  reasons  it  is  mostly  possible  to  adopt  only  2 -dimensional  models. 
True  practical  situations,  of  course,  tend  to  be  3 -dimens iona 1 . 

-  Again  for  reasons  of  costs  in  such  investigations  only  a  limited 
number  of  computer  runs  are  possible,  i.e.  parameter  studies  are 
limited. 

Consequently,  due  to  inadequate  input  parameters,  such  calculations  give  an 
exaggerated  picture  of  the  real  situation.  For  this  reason,  in  practice  it  is 
preferable  to  apply  simpler  models  allowing  parameter  studies.  It  is  then 
easier  to  estimate  the  influence  of  different  parameters.  This  is  especially 
valid  for  regional  studies  as  in  the  case  of  microzonation .  However,  for  the 
development  and  assessment  of  simplified  methods  of  analysis,  the  more  complex 
methods  referred  to  here  are  important. 
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Fig. 2  Influence  of  topography  on  ground  acceleration  (after  Boore,  1973) 
(a)  geometrical  situation  (b)  influence  of  angle  of  incidence 
(c)  influence  of  valley  and  ridge  situation 


Pig. 4a  Amplification  curves  for  U-shaped  valley 
(after  Vogtl'l  ll) 
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Fig.6  Legend  to  the  figures  7ff. 
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Fig.Q  Amplification  curves  for  U-shaped  valley  in  homogeneous  ground 


Fig.9  Amplification  curves  for  U-shaped  valley  in  layered  ground: 
Cj^/CpR  =  0  5.  Dl  =  2  T,  (after  Vogtl  1 1  ]) 


SV-Wellen 


Amplification  curves  for  U-shaped  valley  in  layered  ground 


-  &  Rayleigh  -Wellen 


1 2  Amplification  curves  for  U-shaped  valley  in  layered  ground 
c»  /Cee  =  0.5,  D,  =  2  T,  (after  Vogtl  1 1  ]) 


Fig  1 3  Amplification  curves  for  U-shaped  valley  in  layered  ground 
Cp,  /Cpp  =  0.5.  Dl  =  2  T,  (after  Vogtl  111) 


Fig  1 4  Amplification  curves  for  U-shaped  valley  in  layered  ground 
Cpl'Cpr  =  °5.  °L  =  2  T.  (aft-er  Vogtl 1  1 !) 
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SUMMARY 

Site  amplification  has  commonly  been  described  in  terms 
of  spectral  ratios.  It  can  be  shown  that  spectral  ratios  are 
very  sensitive  to  signal-to-noise  ratios  of  the  records,  and  con¬ 
tain  very  large  false  peaks  and  valleys.  This  paper  presents 
an  alternate  approach  for  modeling  site  amplification.  The 
method  is  based  on  discrete-time  domain  filtering  and  stochas¬ 
tic  approximation  techniques.  It  is  assumed  that  the  site  is  a 
time-varying  linear  filter  of  unknown  parameters.  The  input 
and  output  of  the  filter  are  the  rock-site  and  soil-site  record¬ 
ings,  respectively,  both  contaminated  with  noise.  Knowing  the 
input  and  output,  the  parameters  of  the  filter  are  calculated 
recursively  by  using  stochastic  approximation  techniques.  The 
method  is  applied  to  a  site  amplification  problem  observed 
during  the  March  3,  1985  Chile  earthquake.  The  results  are 
compared  with  those  of  the  standard  spectral  ratio  approach. 
It  is  shown  that  the  method  presented  is  far  superior  to  the 
spectral  ratio  approach  in  modeling  site  amplification. 


INTRODUCTION 

Site  amplification  is  an  important  factor  that  must  be  allowed  for  in  earthquake  de¬ 
sign.  Analyses  of  earthquake  recordings  have  shown  that  surface  motions  are  significantly 
altered  by  the  local  geology  and  topography.  In  general,  the  alteration  is  in  the  form  of 
amplification  of  the  amplitudes  at  frequencies  near  the  the  dominant  frequency  of  the  site, 
and  attenuation  of  the  amplitudes  at  remaining  frequencies. 

Site  amplification  has  commonly  been  described  in  terms  of  spectral  ratios.  For  a 
given  site,  the  spectral  ratio  is  defined  as  the  ratio  of  the  Fourier  amplitude  spectrum  of 
the  recorded  motion  at  the  site  to  that  recorded  at  a  nearby  rock  site.  Although  spectral 
ratios  show  the  gross  characteristics  of  the  site  amplification,  they  are  very  sensitive  to 
the  level  of  noise  existing  in  the  signals,  and  generally  contain  very  large  false  peaks  and 
valleys.  It  can  be  shown  that  the  standard  deviation  of  the  calculated  spectral  ratio  from 
the  exact  ratio  at  a  particular  frequency  is  directly  proportional  to  the  ratio  of  the  Fourier 
amplitude  of  the  noise  to  that  of  the  signal  (Rake,  1980;  Ljung,  1985).  To  eliminate  the 
effects  of  the  noise,  the  usual  method  is  to  filter  the  signals  by  using  band-pass  type  filters 
(e.g.,  Butterworth  filter),  and  to  smooth  each  spectrum  before  taking  their  ratio  (Rabiner 
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and  Gold,  1975;  Robinson,  1967).  The  magnitude  of  smoothing  varies  depending  on  the 
noise  level  in  the  signal.  For  low  signal  to  noise  ratios,  little  smoothing  does  not  eliminate 
the  false  peaks,  while  too  much  smoothing  alters  the  location  and  magnitude  of  real  peaks. 
Moreover,  irrespective  of  how  accurate  they  are,  the  spectral  ratios  are  not  easy  to  model 
analytically  or  empirically,  especially  when  there  is  more  than  one  dominant  frequency  at 
the  site. 

This  paper  presents  an  alternate  approach  to  describe  site  amplification.  The  tech¬ 
nique  is  based  on  the  concept  of  optimal  filtering  and  stochastic  approximation.  It  is 
assumed  that  the  site  acts  as  a  time-varying  linear  filter,  whose  parameters  are  initially 
unknown.  The  input  and  output  of  the  filter  are  the  rock-site  and  soil-site  recordings, 
respectively,  both  contaminated  by  noise.  The  filter  parameters  are  determined  from  the 
input  and  output  series  based  on  the  criterion  that  the  difference  between  the  recorded 
output  and  the  filter  output  is  equivalent  to  white-noise. 

The  initial  development  of  optimal  filtering  and  stochastic  approximation  techniques 
is  attributed  to  Kolmogorov  (1941)  and  Weiner  (1949).  Today,  these  techniques  are  used 
extensively  in  various  areas  in  science  and  engineering,  such  as  analysis  of  speech  and  radar 
signals,  guidence  systems,  automatic  control,  and  econometrics.  More  on  the  theory  and 
applications  can  be  found  in  Jaswinski  (1970),  Kailath  (1976),  Kushner  and  Clark  (1978), 
Ljung  and  Soderstrom  (1983),  Goodwin  and  Sin  (1984),  Young  (1984),  and  Ljung  (1987). 

The  paper  first  gives  the  theoretical  derivations  for  the  method.  Then,  the  method 
is  applied  to  a  site  amplification  problem  observed  in  Chile  during  the  March  3,  1985 
earthquake.  The  results  are  compared  with  those  of  the  standard  spectral  ratio  approach. 

THEORY 

1.  System  equations  in  discrcto-time  domain: 

Assume  that  the  site  is  an  unknown  linear  system  with  a  single  input,  and  a  single 
output,  as  schematically  given  in  Fig.  1.  The  input  z(t)  is  the  rock-site  record,  and  the 
output  y(t)  is  the  soil-site  record.  The  noise  n[t)  is  assumed  to  represent  the  combination 
of  the  noise  in  the  input  and  output,  and  is  unknown.  However,  it  will  be  assumed  that  the 
noise  is  a  stationary  random  process,  such  that  it  can  be  expressed  as  a  filtered  white-noise 
process.  Since  site  effects  are  assumed  to  be  linear,  the  governing  equations  for  the  site 
can  be  represented  by  any  form  of  linear  equation,  such  as  a  differential  equation  or  an 
integral  equation.  For  discrete  sytems  with  zero  initial  conditions  and  sufficiently  small 
time  interval,  it  can  be  shown  that  any  linear  equation  can  be  put  into  a  finite  difference 
equation  of  the  following  form  (Cadzow,  1973): 


y(t)  +  «iy(<  —  !)  +  •••  +  On.y(t  -  n„)  =  6,z(t  -!)  +  •••  +  bn%x{t  -  nb)+ 


2 


*<  +  cie(t  -  1) H - +  cn„e(i-nc)  (1) 


where  e(t)  denotes  white-noise,  the  index  (t  -  j)  denotes  the  discrete  time  ( t  -  jT),  and 
T  is  the  sampling  interval  of  the  time  series.  It  is  assumed  that  the  output  at  time  t  is 
dependent  on  the  input  values  up  to  time  t  —  1,  but  not  the  input  at  time  t.  In  control 
theory,  the  model  given  by  Eq.  I  is  known  as  the  ARMAX  model,  an  acronym  for  the 
Stochastic  Autoregressive  Moving- Average  Model  With  Auxiliary  Input. 

For  simplicity,  let  us  define  the  following  polynomials  in  the  backward  shift  operator 


A(q_I)  =  1  +  oiq-1  +  •  •  •  +  a„a9~nu 

(2) 

B(q~1)  =  biq~l  + - h  bnbq~ni 

(3) 

C{q~1)  =1-|-  ciq-1  4-  •  •  •  +  cn<_q~nc 

(4) 

where  the  backward  shift  operator  is  defined  as  q-,y(t)  =  y(t  -  j).  With  these,  Eq.  1 
becomes 


A(g  *)y(t)  =  B{q  *)*(<) +<?{«  l)e(t)  (5) 

Eq.  5  can  also  be  written  in  the  frequency  domain  by  taking  the  Z  transform  of  both  sides 
in  Eq.  1,  that  is 


A{z-l)Z[y(t))  =  B(z~')Z\x(t)\  +  COr^Z^t)!  (6) 

where  A{z~1),  Biz"1),  and  C(z~l)  are  polynomials  in  the  complex  variable  z,  similar  to 
those  given  by  Eqs.  2-4, 


A(«-1)  =  l  +  ais  1  +  ■  •  •  +  on<i z  n» 

(7) 

B(z~l)  =  6is_1  +  •  •  •  +  bnhz~nh 

(8) 

C(z~1)  =  1  +  Ci«-1  - (-  cnitz~n" 

W 

Z(y(t)]  denotes  the  Z-transfortn  of  y(t),  defined  as  Z|y(t)j  =  J2^0y(nT)  z~n,  where 
t  =  nT.  Z{x(t)\  and  Z[e(t)J  are  similar.  Since  e(t)  is  white-noise,  Z[e(t)]  is  constant.  The 
ratios 
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H(z)  = 


A(z~i) 


and 


G(z)  = 


C(z~l) 

A(z~l) 


are  the  transfer  functions  for  the  signal  (i.e.,  for  the  actual  site  effect),  and  for  the  noise, 
respectively.  The  roots  of  the  numerator  polynomial  B(z~l)  of  H(z)  are  the  zeros  of  the 
transfer  function,  whereas  the  roots  of  the  denominator  polynomial  A(z~l)  are  the  poles. 
(The  use  of  the  terms  poles  and  zeros  come  from  the  observation  that  if  H(z)  is  plotted  in 
a  three  dimensional  cartesian  coordinate  system  such  that  the  horizontal  axes  are  the  real 
and  imaginary  parts  of  z,  and  the  vertical  axis  is  H(z),  the  resulting  shape  looks  like  a 
tent,  with  poles  corresponding  to  the  locations  where  the  tent  is  supported,  and  the  zeroB 
corresponding  to  the  locations  where  the  tent  is  tied  to  the  ground.)  For  stable  systems 
(i.e.,  systems  that  have  bounded  output  for  any  bounded  input)  the  poles  are  in  complex 
conjugate  pairs,  located  inside  the  unit  circle  in  the  complex  plane. 

The  argument  z  in  Z  transforms  can  be  any  complex  variable.  For  z  =  et2r^T ,  where 
/  is  the  cyclic  frequency  and  i  =  y/—l,  the  ^-transform  becomes  equivalent  to  the  Fourier 
transform.  The  commonly  used  spectral  ratio,  S(f),  is  then  calculated  as 


S(/)  = 


\B(ei2KfT)\ 
\A(e**fT)  | 


(11) 


Note  that  the  spectral  ratio  calculated  by  Eq.  11  is  for  the  signals  only  (i.e.,  after  the 
noise  is  removed  from  the  records).  The  impulse  response  function  of  the  system  can  be 
obtained  recursively  from  Eq.  1  by  putting  x(0)  =  1  and  x(t)  =  0,  for  t  >  0  with  e(t)  =  0 
for  all  t. 


For  ni,  <  n„,  H{z)  can  be  put  into  the  following  form  by  using  partial  fraction  expan¬ 
sion  (if  rifc  >  na,  a  polynomial  division  is  required  before  the  partial  fraction  expansion): 


where  py  is  the  jr’th  complex  pole,  and  q}-  is  the  corresponding  residue  of  H(z).  The  residue 
9y  is  calculated  by  the  equation  (Tretter,  1976) 


h  -  JBm  (1  -  W*'‘)S(«)  =  hpi. 

rili-Mp;1) 

k»l 
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If  the  pairs  of  terms  corresponding  to  pairs  of  complex-conjugate  poles  are  combined,  then 

H(z)  =  Yl  Hj  (z)  (14) 

j=i 

with 


1  1  -  2S(py)z_1  +  \pj\2z~2 


(15) 


where  '  and  5R  denote  the  complex-conjugate  and  the  real  part,  respectively.  The  form 
given  by  Eq.  12  (or  Eq.  14)  for  fl(z)  is  known  as  the  parallel  form  realization,  where 
the  filter  output  y(t)  is  modeled  as  the  linear  combination  of  the  outputs  of  second-order 
filters  each  subjected  to  input  x(t).  A  schematic  of  parallel  form  realization  is  given  in 
Fig.  2.  Each  fly (z)  is  equivalent  to  a  simple-damped  oscillator,  whose  damping  £o,  and 
frequency  /0  are  given  by  the  equations  (§afak,  1987a): 


t  .  -  ln(1/ri) 

1  +  ln2(l/ry)]‘/2 

ln(l/ry) 
hl  2*{0iT 


(16) 

(17) 


where  ry  and  <f>j  are  the  modulus  and  the  arguments  of  the  j’th  pole  (or  of  its  complex- 
conjugate).  Thus,  each  fly  (a)  can  be  considered  as  a  mode  of  the  system,  whose  frequency 
and  damping  are  defined  by  the  denominator  of  fly(z)-  The  numerator  of  fly  (2)  gives  the 
weighting  factor  for  that  mode. 

3-.  Syjitm  Identtfteatton; 

As  the  above  equations  show,  once  the  coefficients  a;,  6y,  and  cy  are  determined, 
the  dynamic  properties  of  the  system  (e.g.,  spectral  ratio,  modes,  impulse  response,  and 
noise  characteristics)  can  all  be  calculated  from  the  transfer  function.  Estimation  of  the 
coefficients  is  called  system  identification,  and  can  be  accomplished  by  using  stochastic  ap¬ 
proximation  techniques.  The  reson  for  using  stochastic  approach  rather  than  deterministic 
approach  is  because  of  the  existence  of  noise  in  the  records. 

By  algebraic  manupulations,  let  us  first  put  Eq.  5  into  a  form  such  that  the  white-noise 
term  e(t)  is  isolated,  as 

<i8> 
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It  can  be  shown  by  simple  algebra  that  the  highest  order  term  in  the  expression  [1  - 
j4(g-1)/C(0-1)l  on  the  right  hand  side  of  Eq.  18  is  q~l.  Therefore,  the  right  hand  side 
contains  output  values  only  up  to  time  t  —  1.  If  the  output,  input,  and  the  parameters 
of  the  polynomials  A(g-1),  B(q~1),  and  C(q~l)  are  all  known  up  to  time  t  —  1,  then  the 
best  estimate  (i.e.,  the  expected  value)  of  the  output  at  time  t,  y(t),  is  equal  to  (et  is 
white-noise,  therefore  its  expected  value  is  zero) 

«*>  =  l1  -  +  (19) 

The  error  in  the  estimation,  at  time  t,  is  then  equal  to 

<r(t)  =  y(t)  -  y(t)  (20) 

The  total  error,  assuming  a  quadratic  criterion,  can  be  written 

V(t)  =  £r(s,t)e2(s)  (21) 

«=i 

where  T(s,  t)  is  the  weighting  factor.  The  weighting  factor  is  needed  to  handle  time-varying 
systems,  for  which  T(s,t)  is  selected  such  that  the  recent  data  points  have  more  weights 
than  the  earlier  ones.  It  should  be  noted  here  that  the  quadratic  criterion  is  not  the  only 
way  to  measure  the  total  error.  Other  error  critera,  such  as  absolute  value  or  maximum 
likelihood,  can  also  be  used  (for  more  detail,  see  Ljung,  1987). 

The  values  of  parameters  a,-,  b(,  and  c<  are  obtained  from  the  condition  that  the 
criterion  function  V(t)  is  minimum.  The  minimization  of  V  (t)  is  accomplished  recursively 
by  using  stochastic  approximation  techniques.  There  are  various  algorithms  for  stochastic 
approximation.  Most  of  them  are  based  on  the  Robbins-Monro  algorithm  (Robbins  and 
Monro,  1951).  The  texts  by  Albert  and  Gardner  (1967)  and  Kushner  and  Clark  (1978) 
give  an  extensive  evaluation  of  stochastic  approximation  techniques.  The  algorithm  used 
here  is  the  stochastic  Gauss-Newton  algorithm.  With  this  algorithm,  and  also  using  the 
quadratic  error  criterion  and  an  exponentially  decaying  weighting  function,  the  equations 
for  the  parameters  ay,  6y,  and  cy  can  explicitly  be  derived.  The  detail  of  derivations  can  be 
found  in  §afak  (1987a).  The  final  form  is  given  by  the  following  recursive  matrix  equation: 

tf(t)  =  «(t-l)+7(t)R-1(t)0(t)e(t)  (22) 
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The  parameters  of  Eq.  22  are  defined  as  follows: 

QT  =  (oi,---,ontt,6i,---,6ni,c1,---,cn„)  (m  =  n0  +  nfc  +  nc  dimensional  vector), 

R~x(t)  :  the  Hessian  (second  derivative)  of  V  (t)  with  respect  to  0  (m  x  m  dimensional 

matrix), 

:  the  gradient  (first  derivative)  of  y(t)  with  respect  to  0  (m  dimensional  vector), 

and 

7(0  =  1/  r(s,i),  the  gain  sequence  of  the  recursion. 

In  order  to  start  the  recursion  initial  values  of  the  parameters  need  to  be  specified.  It  can 
be  shown  that  for  stable  systems  the  effect  of  initial  values  diminishes  vary  rapidly  with 
time,  thus  they  can  be  assumed  zero.  The  method  just  outlined  for  parameter  estimation 
is  known  as  the  Recursive  Prediction  Error  Method,  or  the  RPEM  for  short,  developed  for 
ARMAX  moael  structure. 

4.  -Model  order  and  validity: 

In  order  to  start  calculations,  first  the  model  order  (i.e.,  values  for  na,  rib,  and  nc) 
should  be  specified.  They  can  can  be  determined  by  observing  the  variation  of  total 
prediction  error  (Eq.  21)  with  different  model  orders.  Initially,  the  prediction  error  drops 
sharply  as  the  model  order  increases.  Then  the  error  becomes  insensitive  to  the  model 
order.  In  other  words,  models  beyond  a  certain  order  do  not  give  any  new  information 
about  the  system.  This  order  is  then  selected  as  the  model  order. 

After  the  model  is  specified  and  the  coefficients  are  determined,  some  checks  with 
regards  to  the  validity  of  the  model  need  to  be  made.  There  are  a  number  of  tests  available, 
each  with  different  precision.  The  simpliest  one  is  to  visually  compare  the  plots  of  the 
calculated  transfer  function  and  the  spectral  ratio  (calculated  by  using  Fourier  transforms), 
and  see  whether  there  are  drastic  differences.  More  precise  tests  can  be  made  by  using 
the  residual  time  series,  e(t)  (Eq.  20).  In  order  that  the  model  be  valid  e(t)  should  be 
a  white-noise  series;  therefore,  its  Fourier  amplitude  spectrum  should  be  nearly  flat,  and 
the  autocovariance  function  should  be  close  to  a  Delta  function.  A  statistical  whiteness 
test,  such  as  the  Chi-Square  (x*)  test,  can  be  used  for  c(t).  There  may  be  cases  where  the 
model  is  good  for  the  signal,  but  not  so  good  for  the  noise  (i.e.,  the  o;  and  b}  terms  are 
estimated  correctly,  but  not  the  c}  terms).  This  usually  occurs  when  the  noise  signal  has 
different  pole  locations  than  the  system.  In  this  case,  although  the  residuals  do  not  pass 
the  whiteness  test,  the  model  still  describes  the  system  transfer  function  accurately,  since 
the  Cj  terms  are  not  used  in  the  calculation  of  H(z).  This  can  be  tested  by  investigating 
the  cross-covariance  of  residuals  e(t)  with  the  input  x(t).  In  order  that  the  model  be  valid, 
at  least  for  the  signal,  e(t)  should  be  independent  of  x(t).  In  other  words,  the  residual 
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should  not  contain  any  information  that  originates  from  the  input.  More  on  model  validity 
can  be  found  in  Ljung  (1987)  and  Bohlin  (1987). 

NUMERICAL  EXAMPLE 

The  linear  filtering  approach  presented  above  was  applied  to  an  actual  site  amplifica¬ 
tion  problem  observed  during  the  March  3, 1985,  magnitude  7.8,  Central  Chile  Earthquake. 
The  investigations  after  the  earthquake  showed  that  the  local  geological  and  topographical 
site  conditions  caused  large  variations  in  ground  motion  amplitudes  and  structural  damage 
(Qelebi,  1986). 

To  apply  the  method,  two  strong  motion  acceleration  records  from  this  earthquake 
were  considered.  One  of  the  records  is  from  a  rock  site,  and  the  other  is  from  an  alluvial 
site.  The  time  history  of  the  records  are  shown  in  Fig.  3.  The  smoothed  Fourier  amplitude 
spectra  and  the  spectral  ratio  (alluvial/rock)  are  shown  in  Fig.  4.  Although  the  stations  are 
only  five  miles  apart,  there  are  significant  differences  in  the  amplitudes  and  the  frequency 
contents  of  the  motions. 

The  first  step  in  the  calculations  is  to  syncronize  the  records.  The  syncronization  used 
in  here  is  based  on  the  maximum  correlation  criteria.  The  correlation  Rk  for  a  time  shift 
k  between  input  xt  and  output  j/t  will  be  defined  as 

N 

Rk  =  ^\xtyt+k\  with  k  =  -N,-",N  (23) 

t=i 

where  N  is  the  smaller  of  the  lengths  of  the  time  series  xt  and  yt.  When  Rk  is  maximum 
it  is  assumed  that  the  series  are  syncronized.  In  reality  there  may  be  situations  where  the 
syncronization  does  not  mean  maximum  correlation,  such  as  systems  where  the  response 
has  a  time  delay  with  respect  to  input.  However,  the  theoretical  equations  derived  above 
are  all  based  on  the  assumption  that  there  is  no  time  delay  between  input  and  output  (i.e., 
the  response  to  the  input  is  instantaneous).  Therefore,  the  syncronization  based  on  the 
maximum  correlation  is  appropriate  for  the  formulation,  even  if  it  is  not  the  real  case. 

Next,  in  order  to  specify  the  model  order,  the  variation  of  error  with  model  order  is 
investigated.  The  results  are  plotted  in  Fig.  5a,  b,  and  c.  It  was  assumed  in  Figs.  5b 
and  5c  that  =  n„  -  1.  The  reson  for  this  is  that  if  the  site  amplification  can  actually 
be  represented  by  a  parallel  system  (i.e.,  sum  of  second  order  filters),  as  given  by  Eqs. 
12-17,  then  theoretically  nj,  would  be  equal  to  n0  -  1  (§afak,  1987a).  Fig.  5a  indicates 
that  n„  >  12.  The  error  is  not  very  sensitive  to  nt,  as  seen  in  Fig.  5b;  thus,  =  na  -  1  is 
acceptable.  Fig.  5c  shows  that  error  is  minimum  for  na  =  0.  This  suggests  that  the  noise 
in  the  signals  is  approximately  white-noise. 

Based  on  Fig.  5,  a  model  with  na  =  12,  nt,  =  11,  and  ne  =  0  is  chosen.  The  parameters 
were  calculated  recursively  by  using  Eq.  22.  Time  variations  of  parameters  oy  and  6,  are 
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plotted  in  Figs.  6a  and  6b.  The  ay  values  are  fairly  constant  beyond  three  seconds. 
Recall  that  the  ay’s  determine  the  dominant  frequencies  of  the  site.  The  6y  values  show 
distinct  changes  at  3-second  and  9-second  points.  They  are  also  fairly  constant  beyond 
nine  seconds.  Note  that  the  scaled  values,  not  the  exact  values,  of  6y’s  are  given  in  Fig.  6b. 
The  reason  for  large  fluctuations  at  the  beginning  can  be  attributed  to  the  source  effects. 
The  beginning  of  constant  regions  indicate  that  the  rupture  process  is  over. 

The  amplitude  of  the  transfer  function,  and  its  match  with  the  spectral  ratio  at 
t  =  18  see.  are  given  in  Fig.  7.  The  match  with  the  spectral  ratio  seems  to  be  good,  except 
for  very  low  frequencies.  This  cah  be  attributed  to  the  effects  of  windowing  on  Fourier 
spectra  and  spectral  ratios.  The  corresponding  numerical  values  for  the  parameters,  pole 
locations,  modal  frequencies  and  dampings,  and  the  weighting  factors  are  given  in  Table 
1.  Since  na  =  12,  the  model  gives  the  first  six  modes  of  the  site. 

The  results  of  model  validity  checks  on  the  residuals  are  given  in  Fig.  8.  Fig.  8a  shows 
the  residual  time  series  (Eq.  20),  and  Fig.  8b  shows  its  Fourier  amplitude  spectrum.  Recall 
that,  for  validity,  the  residual  should  be  white-noise.  Although  the  amplitude  spectrum  of 
the  residuals  is  not  completely  flat,  as  should  for  white-noise,  it  is  fairly  broad  band.  It 
should  also  be  remembered  here  that  the  residual  plotted  represents  only  a  sample  function 
of  the  random  noise  process.  Theoretically,  the  ensemble  average  of  residual  spectra  should 
be  flat.  The  autocovariance  of  the  residuals  are  given  in  Fig.  8c.  The  straight  lines  in 
the  figure  show  the  values  corresponding  to  90-percent  confidence  levels  in  x2  distribution 
test.  For  model  validity,  the  autocovariance  should  not  cross  the  straight  lines,  except  at 
zero  lag.  However,  the  calculated  autocovariance  of  the  residuals  crosses  the  90-percentile 
boundaries  at  several  points.  This  suggests  that  the  model  for  the  noise  is  not  very  good. 
Fig.  8d  gives  the  cross-covariance  of  the  residuals  with  the  input.  The  straight  lines  are 
the  90-percent  confidence  limits  based  on  the  standard  (0,1)  nonhal  distribution.  The 
cross-covariance  curve  crosses  the  boundaries  at  one  location.  The  implication  of  this  is 
that  the  model  order  should  be  increased. 

Next,  a  higher  order  model  with  n„  =  16,  rtj  =  15,  and  nc  =  0  is  tried.  The  transfer 
function  and  its  match  with  the  spectral  ratio  are  plotted  in  Fig.  9,  again  at  t  =  18 
sec.  The  corresponding  numerical  values  for  the  parameters  and  modal  characteristics  are 
given  also  in  Table  1.  The  residual  tests  are  presented  in  Fig.  10,  which  shows  slight 
improvement  over  the  previous  model,  Fig.  8.  The  cross-covariance  values  now  are  all 
inside  the  90-percentile  confidence  interval.  The  auto-covariance  curve  still  exceeds  the 
boundaries  at  some  points,  but  the  amplitudes  are  smaller  than  those  of  the  previous 
model.  Thus  the  model  is  still  not  valid  for  the  noise,  but  it  is  valid  for  the  signal.  In 
other  words,  the  filter  is  accurate  for  site  amplification  (which  is  more  important  from  the 
engineering  view  point),  but  not  accurate  noise.  It  is  possible  to  identify  the  noise  better 
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by  using  different  models  than  the  ARMAX  model  (see  §afak,  1987a). 

Further  studies  on  this  site,  done  using  different  models  and  records,  have  shown 
that  ($afak  and  (Jelebi,  1987):  (a)  the  higher  the  model  order  the  more  detail  of  the  site 
amplification  is  obtained  up  to  about  16th  order  model  (i.e.,  an  increase  in  the  model 
order  gives  the  next  significant  mode) ;  beyond  the  16th  order  the  results  become  unstable 
because  of  the  numerical  precision  and  the  noise  effects,  (b)  the  assumption  that  the  noise 
is  white-noise  is  appropriate  (i.e.,  nc  =0),  and  (c)  the  amplification  characteristics  for  this 
site  are  approximately  time  invariant. 

SUMMARY  AND  CONCLUSIONS 

A  time  domain  discrete-linear  recursive  filtering  approach  is  presented  to  character¬ 
ize  the  site  amplification.  The  site  is  modeled  as  a  finite  order  linear  filter  of  unknown 
coefficients,  represented  by  an  ARMAX  model.  The  input  and  output  of  the  filter  are  the 
rock-site  and  soil-site  recordings,  respectively,  both  contaminated  with  noise.  The  parame¬ 
ters  of  the  filter  are  determined  by  using  recursive  prediction  error  technique,  based  on  the 
stochastic  approximation  theory.  The  transfer  function,  modes,  and  the  impulse-response 
function  of  the  site  can  all  be  calculated,  once  the  filter  parameters  are  known. 

The  theory  is  applied  to  an  actual  site  amplification  problem  observed  during  the 
March  3,  1985  Chile  earthquake.  The  results  show  that  the  method  has  several  advantages 
over  the  commonly  used  spectral  ratio  technique.  They  can  be  summarized  as:  (a)  filtering 
of  the  noise  is  done  over  the  whole  frequency  band,  which  can  not  be  accomplished  by  band¬ 
pass  type  (e.g.,  Butterworth  type)  filters,  (b)  time- varying  characteristics  of  the  site  can 
easily  be  detected,  and  (c)  site  amplification  is  represented  analytically  in  the  form  of  a 
simple  recursive  filter. 

The  method  presented  can  have  various  other  applications  in  earthquake  engineering 
and  structural  dynamics.  Applications  for  modeling  spectral  shape  and  source  scaling  of 
ground  motions  are  given  in  §afak  (1987b),  whereas  applications  for  system  identification 
in  structural  dynamics  for  wind  and  earthquake  excitations  are  given  in  §afak  (1987c). 
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TABLE  1 


Filter  parameters,  pole  locations,  and  the  corresponding  modal  frequency,  damping, 
and  the  weighting  factors  for  the  site  amplification  example  (records  are  from  the  March 
3.  1985  Cliilean  earthquake). 
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FIG.  1.  Schematic  of  a  single-input,  single-output  system  contaminated  by  noise. 


FIG.  2.  Schematic  of  parallel  form  realisation  of  a  single-input  single-output  linear 
system. 
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FIG.  4.  Input  (rock  site)  and  output  (soil  site)  Fourier  amplitude  spectra  and  the 
smoothed  spectral  ratio  (soil  site/rock  site)  for  the  site  amplification  example.  The  records 
are  from  the  3  March  1965  Chilean  earthquake. 


FIG.  5.  Model  order  versus  prediction  error  for  the  site  amplification  examples  (1985 
Chilean  earthquake):  (a)  na  vs.  V(N)  with  nt  =  na  - 1  and  nc  =  0;  (b)  nh  vs.  V(N)  with 
na  =  12  and  nc  =  0;  (c)  nc  vs.  V(N)  with  na  =  12  and  =  11. 
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FIG.  6.  Tune  variation  of  model  parameters  for  the  site  amplification  example  (1985 
Chilean  earthquake):  (a)  j  =  1  ~  12;  (b)  bjfj  =  1  ~  n. 
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FIG.  7.  The  amplitude  of  the  transfer  function  for  (12-11-0)  model  for  the  site 
amplification  example  (1985  Chilean  earthquake)  evaluated  at  t  =  18  ate.,  and  its  match 
with  the  Fourier  amplitude  spectrum. 
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FIG.  8.  The  residua]  tests  for  (12-11-0)  mode!  for  the  site  amplification  example 
(1985  Chilean  earthquake)  evaluated  at  t  =  18  sec.:  (a)  time  history  of  the  residual;  (b) 
Fourier  amplitude  spectrum  of  the  residues;  (c)  autocovariance  function  of  the  residuals, 
and  the  90-percentile  confidence  limits  for  whiteness  according  to  the  Chi-square  x2  test; 
(d)  cross-covariance  function  of  the  residuals  with  input,  and  the  90-percentile  confidence 
limits  according  to  (0,1)  norma]  distribution  law. 
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FIG.  0.  The  amplitude  of  the  transfer  function  for  (16-15-0)  model  for  the  site 
amplification  example  (1985  Chilean  earthquake)  evaluated  at  t  =  18  sec.,  and  its  match 
with  the  Fourier  amplitude  spectrum. 


FIG.  10.  The  residual  tests  for  (16-15-0)  model  for  the  site  amplification  example 
(1985  Chilean  earthquake)  evaluated  at  t  =  18  sec;:  (a)  time  history  of  the  residual;  (b) 
Fourier  amplitude  spectrum  of  the  residuals;  (c)  autocovariance  function  of  the  residuals, 
and  the  90>percentile  confidence  limits  for  whiteness  according  to  the  Chi-square  x2  test; 
(d)  cross-covariance  function  of  the  residuals  with  input,  and  the  90-percentile  confidence 
limits  according  to  (0,1)  normal  distribution  law. 
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PURPOSE  AND  SCOPE 

There  are  unique  relationships  connecting  peak  ground  accelera¬ 
tion  (PGA),  root-t -an-square  acceleration  (RMSA) ,  or  average 
acceleration,  power  spectral  density  function  (PSDF) ,  and  dura¬ 
tion  (record  length)  of  strong-motion  earthquake  records.  The 
purpose  of  this  study  is  to  determine  the  site  dependence  of 
the  PSDF  and  its  scaling  fcctor,  which  could  be  correlated  with 
the  damage  Intensity  or  Modified  Mercalli  Intensity  (MMI),  from 
the  above  relationships. 

Factors  affecting  the  ground  motion  at  a  particular  site 
Include  the  source  mechanism  (nature  of  fault  movement  and  mag¬ 
nitude  of  energy  release),  propagation  path  characteristics, 
the  direction  of  the  site  relative  to  the  fault  rupture,  and 
local  geological  and  soil  conditions.  This  study,  however, 
deals  only  with  the  influence  of  local  geological  and  soil  con¬ 
ditions  on  ground  motion. 

PREVIOUS  WORK 

Seed,  Ugas,  and  Lysmerl  and  Kiremldjlan  and  Shah?  presented 
similar  results  of  a  statistical  analysis  of  the  site-dependent 
response  spectral  shapes  from  ground  motion  accelerograms 
obtained  mostly  in  the  western  United  States.  The  analysis 
shows  clear  differences  in  spectral  shapes  for  different  soil 
and  geological  conditions.  Chang  and  Krinitzsky3  studied  the 
duration  and  spectral  content  of  strong-motion  records  from  the 
western  United  States  according  to  site  conditions  and  found 
that  the  predominant  frequencies  are  in  the  range  of  1.0  to 
6.67  Hz  and  the  spectral  shape  depends  on  the  source  spectrum 
function  (magnitude),  distance,  and  geological  conditions. 

Considering  the  earthquake  ground  taction  to  be  random  in 
nature,  Arnold*  and  Arnold  and  VanmarckeJ  studied  the  Influence 


-1 


of  site  azimuth  relative  to  source  fault  orientation  and  local 
soil  conditions  on  earthquake  ground  motion  spectra  for  the 
San  Fernando,  California,  earthquake  of  9  February  1971  using 
PSD  functions.  The  result  shoved  that  local  soil  conditions 
and  site  82lmuth,  as  well  as  eplcentral  distance,  can  have  a 
significant  effect  on  both  the  Intensity  and  the  frequency  con¬ 
tent  of  ground  motions.  This  study  demonstrated  the  potential 
value  of  PSD  functions  as  a  tool  for  comparing  and  studying 
variations  in  ground  motion  characteristics  and  also  showed  the 
great  utility  of  PSD  functions  as  Input  to  random  vibration 
analyses  of  structural  response. 

POWER  SPECTRAL  DENSITY  FUNCTION  (PSDF) 

In  the  application  of  the  random  vibration  theory  of  lin¬ 
ear  systems  for  evaluation  of  the  effects  of  variations  in 
ground  motion  characteristics  on  structural  response  to  earth¬ 
quake  excitation,  the  ground  motion  may  be  defined  in  the  form 
of  a  PSDF.  The  PSDF,  G(u)  ,  is  defined  as  a  measure  of  the 
ground  motion  power  or  energy  per  unit  time  as  a  function  of 
frequency  u  (Figure  1).  Usually,  estimates  of  the  PSD  are 
obtained  from  the  squared  amplitudes  of  the  Fourier  transform, 
or  the  squared  Fourier  amplitude  spectrum.  In  Figure  1,  A 
is  the  amplitude  of  the  Fourier  transform  at  frequency  u  . 


Generally,  the  given  earthquake  ground  motion  function, 
such  as  an  acceleration  versus  time  plot,  can  be  represented  in 
the  time  domain  as  a(t)  and  in  the  frequency  domain  as  F(u>) 
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t 

o 

Ffu)  •  j  a(t)e  iut  dt  ,  i  •  (1) 

o 

and 

Uq 

a(t)  -  y  J  F(u)e*Wt  du  ,  i  «  ^7  (2) 


Equations  1  and  2  are  called  the  Fourier  transform  pair;  l.e., 
Ffu)  is  the  Fourier  integral  or  Fourier  transform  of  aft)  , 
and  aft)  is  the  inverse  Fourier  transform  of  Ffu)  .  The 
symbols  t  and  t  denote  the  instant  in  time  and  total 
duration,  and  u  Uj  ,  and  uq  represent  the  frequency, 

lover  frequency  bound  Uj  ■  2ir/tQ  ,  and  maximum  frequency  fin 

radians  per  second),  respectively.  For  practical  purposes,  u^ 
can  usually  be  taken  as  zero. 

TOTAL  INTENSITY,  AVERAGE  POWER,  AND  PSDF 


By  Parseval's  theorem,  the  relation  between  the  energy  of  . 
the  motion  as  expressed  in  the  time  domain  and  in  the  frequency 
domain  can  be  represented  in  the  following  equations.  For  a 
nonperiodic  function,  the  total  intensity  f total  energy)  or 
Arias  Intensity  Iq  delivered  by  the  source  is  given  by 
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Io  -  J  |aft)!2dt 
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J  I  F(u>) !  2  du 
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The  mean-square  average  value  is  expressed 
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du  » 
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G(u)  du 


(4) 


in  which  G(u)  is  the  energy  per  unit  time  fpower),  or  the 
power  spectral  density  of  the  function  aft)  .  The  Integrand 
on  the  right  side  of  Equation  4  can  be  written  as 
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G(«>  |P(«)|2 

*  So 


If  S  (duration  of  strong  notion)  is  substituted  for  t  , 
,  o  o 

and 


“o 

J  |F(U)|2  do, 
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G(u)  du 


2 

The  quantity  jF(u)|  la  called  the  power  (energy)  spectrum  or 
power  spectral  density  function  of  a(t)  (Hsu£).  The  left 
side  of  Equation  4  gives  the  statistical  (FSDF)  average  power 
2 

X  of  the  function  a(t)  over  the  total  duration  of  the 

°  2 
motion  t  .  From  Equation  4,  also  note  that  X  is  equal  to 
0  o 

the  area  under  the  curve  of  G(u)  in  Figure  1.  Therefore,  the 

average  power  can  be  written  as 


G(u)  du 


(6) 


A  more  effective  way  for  dealing  with  the  frequency 
content  of  ground  motion  is  through  the  normalized  spectral 
density  function  G*(u)  ’ 

G*(u)  -  G(w)  (7) 

*o 

If  G*(u).  is  an  Individual  normalized  PSD  function,  the 
statistical  mean  NPSD  curve  will  be 


G*(u) 


■i 


Gf(u) 


1  -  1,2, ...n 


1-1 


(8) 


In  practice,  curves  of  G*(w)  computed  from  suites  of  actual 
earthquake  records  show  large  and  Irregular  fluctuations.  To 
Isolate  the  systematic  component  from  the  random  variations, 
frequency  smoothing  with  s  "Hanning"  window  (Blackman  and 
Tukey?)  was  used. 


DATA  SELECTION  AND  SITE  CLASSIFICATIONS 

A  total  of  421  horizontal  ground  accelerograms  fro* 

89  earthquakes,  mostly  In  the  western  United  States  and  Japan 
(with  a  few  records  from  Russia,  Rumania,  and  India),  were 
selected  for  this  analysis.  Based  on  the  site  classifications 
of  Seed,  Ugas,  and  Lysmer*,  these  records  have  been  divided 
Into  four  groups:  (a)  56  records  for  rock  sites,  (b)  131  rec¬ 
ords  for  stiff  soli  sites  (depth  <150  ft),  (c)  120  records  for 
deep  cohesionless  soil  sites  (depth  >250  ft),  and  (d)  114  rec¬ 
ords  for  soft  to  aedlu*  clays  with  associate^  strata  of  sands 
or  gravels.  One  hundred  seventy-three  of  the  421  records  were 
obtained  fro*  the  California  Institute  of  Technology8  Vol¬ 
ume  II-Corrected  Accelerograms  (1971-75),  and  220  uncorrected 
records  were  provided  by  the  Port  and  Harbour  Research  Insti¬ 
tute,  Japan.  The  digitized  Gazll  (USSR)  and  Bucharest 
(Rumania)  records  were  provided  by  Dr.  A.  G.  Brady,  U.  S.  Geo¬ 
logical  Survey.  All  421  corrected  and  uncorrected  records  were 
adjusted  to  zero  mean  before  processing  the  PSD. 

DEFINITION  OF  AVERAGZ  POWER  AND  AVERAGE  ACCELERATION 

The  main  approach  used  In  this  study  was  to  determine  the  nor¬ 
malized  mean  and  the  mean  plus  one  standard  deviation  PSD  shape 
(NPSD)  for  each  group,  and  the  average  acceleration  X  which 
Is  the  root-mean-square  of  the  average  power  X-  for  ?ach  raw 
record.  Figure  1  shows  G(w)  ,  whose  value  at  w  is  equal  to 
Av2A«o  ,  so  that  X^  actually  the  power  or  energy  density 
in  an  accelerogram  ?or  a  finite  frequency  band  (0<  f  s  10  Hz  In 
this  study) ,  and  A  is  the  amplitude  of  the  jth  frequency 
component  in  centimetres  per  second  squared.  The  total  or 
average  power  will  become  equal  to  the  area  under  the  con¬ 
tinuous  curve  G(u)  . 

RECORD  LENGTH,  INCREMENT  FREQUENCY,  AND  NPSD  FUNCTION 

The  record  length  and  spectral  content  (spectral  amplitude  and 
frequency  range)  are  two  basic  elements  for  controlling  the 
spectral  intensity.  The  Incremental  frequency  Af  ,  used  in 
the  PSD  computer  program,  depends  on  the  total  record  length. 
Since  It  is  necessary  to  use  the  same  value  for  Af  through¬ 
out,  all  accelerograms  have  been  processed  to  give  them  a  dura¬ 
tion  of  163.82  sec  or  8192  (2^)  digital  points  with  an  equal 
time  Interval  At  of  0.02  sec,  which  gives  Af  ■  0.006104  Hz  . 
Outside  the  time  of  the  actual  record,  the  amplitudes  at 
extended  times  were  set  to  zero.  In  this  study,  the  PSD  func¬ 
tion  G(f)  has  been  defined  to  Include  only  the  frequency 
range  of  0  to  10  He,  since  this  is  also  the  natural  frequency- 
range  of  many  engineering  structures,  so  that 


G(f)  df 
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10  Hz 

>2-/ 

0 

Since  Af  is  0.006104  Hz,  there  are  1640  points  In  the  raw  PSD 
function  for  each  accelerogram.  The  NPSD  function  Is  defined 
as  the  PSD  amplitude  divided  by  the  area  X2  under  the  power 
density  versus  frequency  curve.  This  area  may  also  be  called 
the  spectral  density  or  spectral  intensity. 

ANALYSIS  OF  SITE-DEPENDENT  PSD  SPECTRAL  SHAPE 

The  NPSD  functions  for  the  horizontal  accelerograms  In  each 
group  were  first  determined  and  then  were  analyzed  statisti¬ 
cally  to  obtain  the  average  NPSD  spectra  and  the  average  plus 
one  standard  deviation  (o)  NPSD  spectra  (about  84  per¬ 
centile)  .  Figure  2  present  these  mean  and  mean  plus  one 
standard  deviation  NPSD  spectra  for  the  four  different  site 
conditions.  The  mean  NPSD  spectra  for  the  different  site 
conditions  are  compared  In  Figure  2a,  and  the  mean  plus  one 
standard  deviation  NPSD  spectra  are  compared  In  Figure  2b. 

Both  NPSD  spectra  In  Figures  2a  and  2b  are  smoothed  5 00  times. 


LEGEND 

GROUP  1  ROCK  SITES  (M  RECORDS;  It  EARTHOUAKES) 

GROUP  2  STIFF  BOIL  SITES  <111  RECORDS.  39  EARTHQUAKES) 

GROUP  3  DEEP  COHESIONLESS  SOIL  SITES  <120  RECORDS;  47  EARTHQUAKES) 

OROUP  4  SOFT  TO  MEDIUM  CLAY  AND  SAND  SITES  <114  RECORDS;  28  EARTHQUAKES) 


Figure  2a.  Comparison  of  mean  NPSD  curves  of  four  soil  groups, 
raw  (left)  and  smoothed  500  times  (right) 
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GROUP  1  ROCK  SITES  (M  RECORDS;  11  EARTHQUAKCS) 

GROUP  2  STIFF  SOIL  SITES  (131  RECORDS;  3S  EARTHQUAKES) 

OROUP  3  DEEP  COHESIONLESS  SOIL  SITES  (120  RECORDS;  47  EARTHQUAKES) 

GROUP  4  SOFT  TO  MEDIUM  CLAY  ANO  SAND  SITES  (114  RECORDS;  2S  EARTHQUAKES) 


FREQ,  HZ  FREQ.  HZ 


Figure  2b.  Comparison  of  mean  +  a  NFSD  curves  of  four  soil 
groups,  raw  (left)  and  smoothed  500  times  (right) 

It  is  clear  that  the  differences  in  PSD  spectral  shapes 
depend  on  the  site  conditions.  In  particular,  two  categories 
can  be  distinguished:  sites  having  soft  to 'medium  clays  and 
sands  or  deep  cohesionless  soils  (>250  ft)  are  similar  and  form 
one  category,  the  soft  group;  stiff  soil  and  rock  sites  form 
another  category,  the  hard  group.  A  dividing  line  on  the  fre¬ 
quency  axis  appears  at  2.5  Hz  (0.4-sec  period).  In  the  fre¬ 
quency  range  below  2.5  Hz,  spectral  amplifications  for  the  soft 
group  are  much  higher  than  those  for  the  hard  group;  in  the 
frequency  range  above  2.5  Hz,  spectral  simplifications  for  the 
hard  group  are  higher  than  those  for  the  soft  group.  In  the 
soft  group,  the  energy  peaks  for  the  soft  to  medium  clays  and 
sands  and  the  deep  cohesionless  soils  both  occur  at  about  the 
same  frequency,  1  Hz,  but  the  amplifications  are  slightly  dif¬ 
ferent  (0.4  and  0.35,  respectively). 

The  average  NPSD  spectrum  of  the  deep  cohesionless  soil 
sites  has  a  large  hump  at  2.8  Hz  (0.36-sec  period),  but  the 
spectrum  of  the  soft  to  medium  clay  and  sand  Bites  does  not. 

The  large  amplitude  at  0  Hz  is  believed  to  be  caused  by  a  dig¬ 
itization  error,  particularly  that  due  to  the  uncorrected  Japa¬ 
nese  strong-motion  data  in  the  soil  site  group.  For  the  hard 
site  group,  In  the  frequency  range  below  2.5  Hz,  the  spectral 
amplitude  for  the  stiff  soil  is  higher  than  that  for  the  rock; 
but  in  the  frequency  rangs  above  2.5  Hz,  the  spectral  amplitude 
for  the  rock  is  slightly  higher  than  that  for  the  stiff  soil. 
The  largest  energy  peaks  for  the  rock  sites  and  the  stiff  soil 
sites  are  at  2.75  Hz  (0.36  sec)  and  0.8  Hz  (1.25  sec), 
respectively. 
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STATISTICAL  CHARACTERISTICS  OF  THE 
EARTHQUAKE  GROUND  MOTIONS 


Table  1  lists  the  statistical  characteristics  of  the  earthquake 
ground  notions. 


T.bl*  . 


Statistical  Characteristics  of  Earthquake  Ground  Hot ioi 
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4.58 
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1.315 

0.266 

9.3 

'  8.4 

70.  < 

It  is  apparent  from  Table  1  that  statistical  characteris¬ 
tics  of  the  ground  motions  are  strongly  site-dependent.  The 
rock  sites  produce  an  average  maximum  ground  acceleration  of 
about  0.20  g  for  the  entire  6uite  of  56  records.  The  rock  site 
group  shows  the  highest  maximum  acceleration  and  average  accel¬ 
eration  of  the  four  site  groups.  The  PSD  function  estimates 
are  almost  uniform  over  the  peak  frequencies  of  1.06,  2.75, 
3.80,  and  5. 17  Hz. 

The  average  maximum  ground  accelerations  and  PSD  spectral 
intensities  (or  squared  average  accelerations)  for  the  other 
three  site  groups — stiff  soils,  deep  cohesionless  soils,  and 
soft  to  medium  clays  and  sands — are  relatively  close  together. 
However,  the  spreads  of  the  standard  deviation  of  maximum 
accelerations  for  the  stiff  soil  and  deep  cohesionless  soil 
groups  are  wider  than  for  the  soft  to  medium  clays  and  sand 
group.  This  large  spread  is  believed  to  be  caused  by  the  dif¬ 
ferent  magnitudes  of  earthquakes  and  the  different  eplcentral 
distances.  The  group  of  accelerograms  for  soft  to  medium  clays 
and  sands  shows  relatively  low  ground  acceleration  but  the 


highest  PSD  function  estimates  at  the  frequency  of  1  Hz  among 
the  four  groups.  One  second  (1  Hz)  is  probably  near  the  pre¬ 
dominant  natural  period  of  sites  on  soft  to  medium  clays  and 
sands.  It  seems  that  the  acceleration  and  the  PSD  spectral 
Intensity  at  1  Hz  are  roughly  in  proportion  and  Inverse  pro¬ 
portion,  respectively,  to  the  degree  of  stiffness  of  the  site 
material.  In  conclusion,  the  average  acceleration  or  the  mean 
spectral  intensity  is  site-dependent. 

SITE-DEPENDENT  NPSD  FUNCTIONS  AND  SCALING  FACTORS 


In  the  previous  sections,  the  four  statistical  site-dependent 
NPSD  functions  of  rock,  stiff  soil,  deep  cohesionless  soil,  and 
soft  to  medium  clay  and  sand  based  on  the  analysis  of  421  hori¬ 
zontal  ground  accelerograms  have  been  established  and  are  shown 
in  Figures  2a  and  2b.  The  scaling  factor,  X2  is  defined  as 
the  area  under  each  PSD,  G(f)  versus  f;  its  physical  meaning  in 
an  engineering  sense  is  the  average  power  of  spectral  intens¬ 
ity.  It  is  logical  to  use  X2  as  the  scaling  factor  of  the 
four  NPSD  spectra.  Tt  is  also  closely  related  to  the  degree  of 
damage  to  engineering  structures.  Although  earthquake  strong 
ground  motions  are  of  primary  concern  in  engineering  problems, 
we  used  an  extended  ground  motion  duration,  t  ■  163.82  sec, 
throughout  the  analysis.  The  extended  duratioS  was  made  by 
adding  zeros  to  the  trailing  part  of  the  accelerogram. 

From  Equations  (3),  (4),  and  (9),  we  have 


du 


2n 


10  Hz 


J  G(f)  df 
o 


2ir*  X 


(10) 


For  a  giver,  earthquake  ground  motion 

I  -  2” •  X2 •  t  *=  2**X?.S  (11) 

c  O  0  o 

l.e. 


X2  -  X2.(t  /S  )  (12) 

o  o  o 

2 

where  X  is  defined  as  the  scaling  factor  for  the  earthquake 
strong-m8tion  and  S  ,  the  strong-motion  duration  for  a  design 
earthquake.  The  totll  duration  t  is  fixed  as  163.82  sec. 

If  the  PGA  of  a  design  earthquake  ?s  known,  X  can  be  deter¬ 
mined  from  the  linear  relation  in  the  curves  of  PGA  versus  X 
in  Chang '8  study 9,  or  Figure  3  in  this  paper.  Therefore, 

X2  can  be  calculated.  Figure  3  presents  the  mean  values 
obtained  from  Chang' s^  PGA  versus  X  plots  for  the  four  site 
groups.  They  reflect  the  site-dependency  of  the  average 
acceleration,  X  ,  or  KMSA. 
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MAX.  GROUND  ACCELERATION.  CM/ SEC 


GENERATION  OF  EARTHQUAKE  ACCELERATION  TIME-HISTORY 

An  Important  characteristic  was  found  In  the  study  by  Chang9. 
The  value  of  X  ,  or  root  mean  square  acceleration  (RMSA)  for 
t  -  163.82  sec,  which  was  defined  as  the  base  average  acceler¬ 
ation  to  distinguish  from  the  RMSA  in  the  strong-motion  dura¬ 
tion  S  ,  was  in  linear  relation  with  the  PGA  or  A  .  This 
is  showft  in  Figure  3.  From  Equation  (1),  we  have  max 


163.82  sec 

/-• 


o 


a(t)e 


-iio  t 


dt 


(13) 


Based  on  Equation  (13),  if  a  satisfying  statistical  results  in 
terms  of  the  Fourier  spectrum  can  be  achieved,  then  using 
Inverse  Fourier  transform,  a(t)  can  be  derived.  This  has 
been  demonstrated  by  Chang,  et  al.10,  using  the  Chang's  statis¬ 
tical  model  of  the  NPSD,  G*(f)  (Figures  2a  and  2b)  and  the 
linear  relation  of  PGA  versus  the  average  acceleration,  X 
(Figure  3),  with  the  computer  program  EQGEN  to  generate  a  syn- 
thet  c  earthquake  acceleration  time-history. 


CORRELATION  OF  RMSA  AND  MMI 

It  will  be  of  much  benefit  to  the  engineering  community  If  a 
quantitative  earthquake  intensity  scale,  such  as  root-mean- 
square  acceleration  (RMSA)  of  the  strong-motion  duration,  can 
be  correlated  with  the  Modified  Mercalli  Intensity  (MMI) 
(Figure  A  for  hard  sites  and  Figure  5  for  soft  sites). 


Figure  A 


Correlation  of  upper-bound  average  acceleration 
versus  MMI  -  hard  sites  (rock  and  stiff  soil) 


Figure  5.  Correlation  of  upper-bound  average  acceleration 
versus  MMX  -  soft  sites  (deep  cohesionless  soil 
and  soft  to  aediua  clay  and  sand  sites) 


Table  2  shows  the  upper  bound  of  site-dependent  RMSA  intensity 
(square  root  of  the  sun  of  two  horizontal  average  powers.  X2  ) 
versus  MMI .  ° 


Table  2.  Correlation  of  Upper-Bound  RMSA  versus  MMI 


Upper  bound  of  the  site-dependent  RMSA  Intensity,  cm/sec 

2 

(square  root  of  the  sun  of  2-horlzontal  variances,  X  ) 

o 


ZT~ 

f?T~ 

XI 

x 

IX 

VIII 

VII 

VI 

V 


ftard  Sites 

i?rar 

290-400 

200-290 

150-200 

100-150 

70-100 

50-70 

40-50 


Soft  Sites 
2^0-460 
200-250 
150-200 
100-150 
70-100 
50-70 
30-50 
20-30 


To  obtain  the  bounds  shown  in  the  above  table*  the  rock  and 
stiff  soil  sites  were  combined  as  hard  sites  and  the  deep 
cohesionless  soil  and  soft  soil  sites  as  soft  sites.  The 
Pacolma  Dam,  Karakyr  Point  (Gazli  earthquake) ,  Koyna  Dam,  and 
Lake  Hughes  Array  No.  12  sites  were  located  in  the  eplcentral 
regions  and  near  the  faults  (3  km  s  R  4  20  km).  They  possessed 
the  maximum  average  accelerations  seen  and  these  might  be 
called  eplcentral  average  accelerations.  It  seems  from  these 
limited  data  that  the  maximum  average  acceleration  at  the 
eplcentral  region  might  not  be  over  550.0  cm/sec  .  However, 
the  power  X^  or  the  average  acceleration  X*  is  inversely 
proportlonal°to  the  duration,  i.e,,  the  smaller  the  duration  of 
strong  shaking,  the  higher  the  average  acceleration  or  RMSA. 

CORRELATION  OF  I  AND  MMI 
o 

The  correlations  of  total  intensity  I  with  the  MMI  based  on 
the  data  of  hard  sites  (Group  1  and  2)°and  soft  sites  (Group  3 
and  4),  are  plotted  in  Figures  6  and  7,  respectively.  The 
upper  bound  line  of  Figure  6  is  established  by  five  earthquakes 
(San  Fernando,  Gazli,  Parkfield,  Koyna,  and  Tokachl  Okl). 

There  are  four  sites  located  in  the  eplcentral  region,  so  the 
values  are  named  as  eplcentral  intensities.  The  extrapolation 
from  these  values,  the  upper-bound  eplcentral  seismic 
intensities  versus  the  MMI,  are  listed  as  in  Table  3  below: 

Table  3.  Upper-Bound  Seismic  Eplcentral  Intensity 


Hard  Sites 

Soft  Sites 

MMI 

lO^fcm^/sec^) 

4  5  5~ 

10  (cm  /sec  ) 

XII 

135-160 

120 

XI 

82-92 

7C 

X 

52-54 

40 

IX 

30-34 

24 

VIII 

17-20 

14 

VII 

10-13 

8 

VI 

6—8 

5 

V 

3-5 

3 

IV 

2-3 

2 

The  upper-bound  line  of  Figure  7  indicates  that  the  great¬ 
est  seismic  intensity  at  soft  sites  is  lower  than  at  hard 
sites.  Also,  the  rate  of  attenuation  is  lower  for  soft  sites 
than  for  hard  slte3.  Of  course,  the  upper-bound  seismic 
intensities  for  both  the  hard  sites  (Figure  6)  and  the  soft 
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sites  (Figure  7)  sr«  In  th«  near  field.  The  data  under  the 
upper-bound  line  (both  Figures  6  and  7)  spread  widely  because 
of  various  earthquake  Magnitudes  and  distances. 

Dosage  to  structures  in  the  epleentral  area  is  generally 
sore  severe  on  soft  sites  than  on  hard  sites,  based  on  past 
experience  and  observations.  However,  this  study  showed  the 
selssic  totsl  intensity  (seisnlc  energy)  at  soft  sites. to  be 
lower  than  at  hard  sites.  Thus,  the  degree  of  damage  to  struc¬ 
tures  does  not  correlate  with  the  seismic  total  Intensity  in 
the  epleentral  region.  Furthermore,  the  predominant  fre¬ 
quencies  at  soft  sites  are  in  the  range  of  0  to  2.5  Hr;  the 
seismic  energy  in  this  low-frequency  range  deserves  further 
investigation  as  it  relates  to  structural  damage. 


Figure  6.  Total  seisnlc  intensity  at 
epleentral  region  -  hard  ites 


* 


Figure  7.  Total  seismic  intensity  Iq  at 
epicentral  region  -  soft  sites 


CONCLUSIONS 

The  statistical  analysis  of  421  accelerograms  shows  clear  dif¬ 
ferences  in  spectral  shapes  for  different  soil  and  geological 
conditions.  Within  the  high-frequeiicy  range  of  2.5  to  10  Hz, 
the  spectrum  for  the  rock  sites  contains  the  highest  energy  or 
Intensity;  the  spectrum  of  the  stiff  soil  sites  is  slightly 
lower  than  for  the  rock  sites;  and  the  spectra  of  the  soft  clay 
and  sand  sites  and  the  deep  cohesionless  soil  sites  are  loveT 
still  and  almost  the  same.  However,  in  the  low-frequency  range 
of  0  to  2.5  Hz,  the  reverse  relation  exists:  the  soft  sites 
indicate  the  highest  energy,  the  deep  cohesionless  soil  sites 
are  next,  the  stiff  soil  sites  are  third,  and  finally,  the  rock 
sites.  Generally,  the  spectra  of  rock  sites  and  stiff  soil 
sites  of  similar  characteristics  can  be  classified  together  as 
hard  sites;  the  other  two  site  types  can  be  classified  together 
as  soft  sites. 


.1 


is - 


The  site  dependence  of  NPSD  spectra  have  been  established 
by  statistical  analysis  as  expected.  The  most  significant 
finding  of  the  study  is  the  approximate  linear  correlation  of 
the  PGA  (a  )  and  base  average  acceleration  for  an  arbitrary 
record  lenffft  of  163.82  sec  (X).  However,  the  area,  X^  under 
the  PSDF  curve  of  a  strong-notion  duration  S  ,  or  any°record 
length  (S  <  163.82  sec)  can  be  determined  by°the  following 
relation:0 

.2  .2  163.82 

X  “  X  •  — = - 

°  So 

X  can  be  found  from  the  established  charts.  If  the  PGA  and 

S  for  the  design  earthquake  are  given,  the  scaling  factor, 
o 

X2  for  the  NPSDF  curve  can  also  be  obtained.  Therefore,  the 
standard  NPSD  spectrum  can  be  amplified  by  X^  to  become  a 
design  PSD  spectrum.  Furthermore,  the  design  PSD  spectrum  can 
be  used  to  generate  a  design  accelerogram  with  the  computer 
program-EQGEN  by  Chang,  et  al. 
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ALARM  SYSTEMS  BASED  ON  A  PAIR  OF  SHORT-TERM  EARTHQUAKE  PRECURSORS 


by  Giuseppe  Grandori,  Elisa  Guagenti  and  Federico  Perotti 

ABSTRACT 

A  statistical  analysis  of  the  foreshock-aain  shock  correlation  for  an 
Italian  seisaic  zone  is  here  presented.  It  is  found  that  the  probability 
that  a  weak  shock  will  be  followed  within  two  days  by  a  aain  shock  is  of 
the  order  of  2  per  cent,  while  the  probability  that  a  aain  shock  is 
preceded  by  a  foreshock  is  of  the  order  of  30  per  cent.  These  results  are 
quite  siailar  to  those  found  by  L. Jones  (1985)  for  Southern  California. 

The  effectiveness  of  alara  systeas  based  on  a  pair  of  short-tera 
earthquake  precursors  in  then  analysed.  In  particular,  the  analysis  shows 
under  what  conditions  the  precursor  consisting  of  potential  foreshocks 
could  be  coabined  with  another  precursor  to  provide  a  reasonably 
effective  alara  systee. 


INTRODUCTION 

Increasing  attention  has  been  paid  in  recent  years  to  the  short-tera 
earthquake  precursor  consisting  of  weak  seisaic  shocks  regarded  as 
potential  foreshocks  <e.g.  Jones,  1985,  Kagan  and  Knopoff,  1987).  In 
Italy,  on  January  23rd  1985  the  zone  of  Garfagnana  <NW  of  Florence)  was 
evacuated  after  the  occurrence  of  a  potential  foreshock. 

The  statistical  analysis  for  Southern  California  (Jones,  1985)  shows 
that  the  probability  that  a  weak  shock  will  be  followed  within  5  days  by 
an  M  >  5.0  aain  shock  increases  with  the  eagnitude  of  the  weak  shock  froe 
less  than  1  per  cent  at  M  ■  3  to  5  per  cent  at  N  »  ^.5. 

As  far  as  the  Garfagnana  seisaic  warning  is  concerned,  no  scientific 
report  has  been  published  as  yet.  So  a  statistical  analysis  of  the 
foreshock-aain  shock  correlation  seeaed  necessary  for  that  zone.  In  the 
first  of  the  following  sections  this  analysis  will  be  briefly  described. 


2 


A*  will  be  seen,  the  results  ars  in  good  agreement  with  those  obtained  by 
L. Jones  for  Southern  California. 

As  pointed  out  by  L. Jones,  although  the  hazard  level  after  a  potential 
foreshock  is  several  orders  of  oagnitude  above  the  background  rate,  ‘the 
absolute  pro  bility  that  an  earthquake  will  occur  it  still  quite  low*. 
In  other  words  the  percentage  of  false  alares  is  very  high.  As  a  possible 
way  to  reduce  the  expected  nuaber  of  false  alares,  L. Jones  suggests 
combining  together  two  or  core  independent  precursors. 

The  theory  of  eulti-precursor  systees  has  been  developed  quite 
extensively  over  the  last  few  years  (Utsu,  1979;  Aki,  1981;  E.Grandori  et 
el.,  1983).  In  particular  a  eore  recent  paper  (G.Grandori  et  al.,  1984) 
has  shown  that  the  effectiveness  of  a  eulti-precursor  systen  does 
actually  depend  on  a  number  of  factors,  and  say  indeed  be  sealler  than 
the  effectiveness  of  a  systea  based  on  the  use  of  only  one  of  the 
component  precursors.  So  it  seeeed  useful  to  carry  out  a  detailed 
analysis  of  the  conditions  under  which  a  eulti-precursor  system  could  be 
eore  effective  (if  possible,  ouch  eore  effective)  than  each  coaponent 
precursor.  This  analysis  is  contained  in  the  second  of  the  following 
sections.  Both  for  the  sake  of  sieplicity  and  because  it  does  not  seen 
realistic,  nowadays,  to  assuee  that  eore  than  two  precursors  are 
available  with  statistically  docuaented  characteristics,  the  analysis 
will  be  liaited  to  the  case  of  a  pair  of  precursors.  This  analysis  will 
first  use  the  theory  that  is  already  known  and  that  is  founded  on  two 
aain  hypotheses.  The  first  is  that  the  two  precursors  are  independent  of 
each  other,  and  the  other  that  the  occurrence  process  of  eain  shocks  is  a 
stationary  Poisson  process.  Afterwards,  the  case  of  non  independent 
precursors,  not  so  far  treated  in  the  litterature,  will  be  studied.  It 
will  be  shown  that  even  a  saall  degree  of  correlation  between  precursors 
reduces  drastically  the  effectiveness  of  the  systee. 

The  last  section  considers  a  single  precursor,  with  the  assumption 
that  the  occurrence  process  of  aain  shocks  is  not  a  stationary  Poisson 
process.  In  particular  it  is  assumed  that  the  background  hazard  level 
depends  on  the  time  t  elapsed  sines  the  preceding  earthquake  (renewal 
process) .  This  case  can  be  formally  handled  (Jones,  1985)  by  using  the 
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jut  equations  that  govern  the  systems  based  on  two  independent 

precursors.  In  these  equations,  the  tiee  t  plays  the  role  of  the  second 

o 

precursor.  The  advantages  and  drawbacks  of  this  kind  of  application  will 
be  discussed,  with  particular  attention  to  the  searing  of  the 
independence  conditions. 

FORESHOCK-MAIN  SHOCK  CORRELATION  IN  THE  GARFAGNANA  ZONE 

definitions.  Let  F  be  the  precursor,  E  the  potentially  damaging 
earthquake  and  At  the  alera  lifetime.  If  F  occurs,  but  not  E  in  the 
immediately  following  time  interval  At,  this  will  be  called  a  false 
alarm. 

In  order  to  define  the  correlation  between  F  and  E,  the  following 
quantities  will  be  assumed: 

p  is  the  'probability  of  false  alarm*,  i.e.  the  probability  that,  given 
F,  there  will  be  no  E  within  the  interval  At, 

p  =  P<E/F>  ;  (1) 

q  is  the  "probability  of  missed  alarm",  i.e.  the  probability  that  in  the 
interval  At  immediately  before  E  there  has  been  no  F, 

q  *  P(F/E)  (2) 

Finally,  let  P(E)  be  the  background  probability  of  the  event  E,  i.e. 

the  probability  of  E  in  the  next  interval  At,  evaluated  at  a  given  tine 

instant  by  ignoring  any  precursors. 

P(E)  is  actually  a  conditional  probability,  given  all  the  information 
provided  by  the  knowledge  of  the  occurrence  process  at  the  time  instant 
at  which  the  prediction  is  performed.  Probabilities  p  and  q  depend  on  the 
characteristics  of  the  coupled  point  process  of  events  E  and  F.  In 
general  nor  are  the  values  of  p  and  q  constant  in  tine  and  they  depend  on 
the  history  of  the  stochastic  process. 
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Provided  that  the  quantities  At,  p,  q,  P<E)  ore  known,  all  the 
probabilitiee  involved  in  decision-taking  processes  can  be  calculated.  In 
particular,  the  probability  that,  given  F.  there  will  be  an  event  E 
within  Aft  is  obviously 

P(E/F)  -  1  -  p  (3) 

For  the  sake  of  completion  it  is  also  necessary  to  allow  for  the  fact 
that,  if  q  >  0,  there  will  anyway  be  unpredicted  earthquakes. 

A  quantity  to  provide  a  concise  ocasure  of  the  effectiveness  of  the 
alaro  systea,  allowing  for  both  p  and  q,  could  be  defined  as  follows: 


where: 

s  is  the  expected  nuaber  of  successes  (alaras  followed  by  an  event  E 
within  At)  over  a  long  period  of  tiae  in  which  the  systea  is  actually 
operating; 

f  and  a  are  the  expected  nuabers  of  false  and  Biased  alaras  over  the  saae 
period  of  tiae. 

The  effectiveness  U  defined  by  (4)  is  thus  substantially  the  ratio 
between  the  expected  nuaber  of  favorable  cases  and  the  expected  nuaber  of 
unfavorable  cases. 

Expression  (4)  aay  be  suitably  aodified  whenever  social,  econoaic  or 
psychological  factors  aake  it  sees  preferable  to  attribute  different 
relative  weights  to  the  successes,  the  false  alaras  and  the  aissed 
alaras.  If  exprassion  (4)  is  accepted,  the  effectiveness  U  in  stationary 
conditions  can  be  calculated  as  a  function  of  p  and  q  (C.Grandori  at  al., 
1984): 


u  p(l-q)  +  q(l-p) 


<5) 


The  exoeriaent.  The  events  that  occurred  in  the  period  1700-1980  in 
the  Garfagnana  zone  (Fig.  1)  were  analysed.  Seisaic  shocks  of  intensity 
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between  4  end  6  on  the  HCS  scale  were  considered  as  potential  foreshocks. 
Potentially  daaaging  earthquakes  were  taken  to  have  I(MCS)>8.  An  alare 
lifetiee  at  *  2  days  was  assuaed,  while  for  the  space  window  a  aaxiaue 

foreshock-wain  shock  distance  of  30  ke  was  considered. 

Four  aain  shocks  (Fig.  2)  were  not  preceded  by  foreshocks,  two  by  an 
intensity  4  foreshock,  one  by  an  intensity  5  foreshock  and  one  by  two 
foreshocks  (I  =  4  and  1*6). 

The  following  figures  were  obtained  froa  the  catalog  of  the  Italian 
National  Research  Council  (see  Table  A) : 

-  the  nuaber  n(E>  of  events  with  I  £  8 

-  the  nuaber  n(F)  of  events  with  4(1(6 

-  the  nuaber  n(F/|E)  of  events  with  4(1(6  followed,  within  2  days,  by 
an  event  with  I  >  8. 

In  the  case  of  "swams"  of  events  F,  i.e.  when  several  weak  shocks 
follow  each  other  within  an  interval  of  tiae  not  greater  than  one  day, 
only  the  first  shock  was  coaputed,  but  the  alara  lifetiae  was  extended  to 
two  days  after  the  last  shock  of  the  swara.  All  shocks  in  the  3  years 
followin''  each  of  the  shocks  with  I  >  8  were  excluded. 

The  jata  obtained  in  this  way  aade  it  possible  to  arrive  at  an 

i 

estiaate  of  aean  values  of  the  probabilities  of  false  alara  and  eissed 
alara  over  a  long  tiae  period  (see  Table  A) . 

The  first  three  lines  of  the  table  assuae  that  only  weak  shocks  with  I 
*  4,  I  *  5  or  I  «  6  respectively  are  considered.  In  the  fourth  line  the 

figures  are  given  for  the  case  of  any  shock  with  4(1(6  being 
considered  as  a  potential  foreshock. 

TABLE  A 


I 

n(F) 

n(FflE) 

P 

A 

GARFAGMANA 

4 

137 

3 

0.978 

0.62 

n(E)  *  8 

S 

81 

2 

0.975 

0.75 

6 

27 

1 

0.963 

0.87 

41IJ6 

210 

4 

0.981 

0.50 

Tabic  A  chows  that  the  probability  of  false  alare  decreases  when  the 
intensity  I  of  the  potential  foreshock  increases.  On  the  other  hand,  the 
probability  of  aissed  alara *  increases  considerably  with  I.  The  aost 
attractive  precursor  corresponds  to  the  class  4  <  1  i  6,  for  which  the 
probability  of  false  alara  is  practically  the  saae  as  for  the  other 
classes,  while  the  probability  of  aissed  alara  is  considerably  saaller. 

It  is  interesting  to  note  that  these  results  are  quite  siailar  to 
those  obtained  by  L. Jones  for  Southern  California.  Moreover,  it  is  worth 
Mentioning  that  the  analysis  of  two  other  Italian  seisaic  zones  (Friuli, 
North  Eastern  Italy,  and  Irpinia,  Southern  Italy)  leads  to  results  that 
are  practically  the  saae.  In  Table  B  the  average  figures  obtained  froa 
the  three  zones  are  presented. 

TABLE  B 


I 

n(F> 

n(F/>E) 

P 

A 

CARFAGNAMA  ♦ 

4 

341 

B 

0.977 

0.69 

FRIULI  IRPINIA 

5 

187 

5 

0.973 

0.81 

n(E)  ■  26 

6 

77 

3 

0.961 

0.88 

4<I<6 

530 

12 

0.977 

0.54 

In  conclusion,  it  seeas  that  the  short-tern  precursor  consisting  of 
potential  foreshocks  has  practically  the  saae  characteristics  in  aany 
different  regions,  naaely  a  high  probability  of  false  alara  <p  *  —  0.98) 
and  a  relatively  low  probability  of  aissed  alara  (q  ■  -0.5). 

ALARM  SYSTEMS  BASED  ON  A  FAIR  OF  INDEPENDENT  PRECURSORS. 

Besic  equations.  Consider  two  independent  precursors  F^  and  F^.  It 
should  be  aade  clear  that  the  independence  of  the  two  Precursors  does  not 
aean  that  the  two  events  F^  and  Fg  are  statistically  independent  events. 
This  would  be  in  contradiction  to  the  fact  that  both  are  related  to 
events  E.  We  say  that  the  two  precursors  are  independent  if  events  F1  and 
Fg  are  correlated  to  each  other  only  through  events  E,  with  no  other 
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direct  correlation*.  Such  a  conditional  indipendence  of  event*  and  F2 
exists  if  and  only  if: 


n  n 

P(0  Fi/E>  *  TT  p<F/E>  ,  <*> 

i*l  i»l 

n  n 

P<  O  Fi/E>  •n  P(F  /E>  .  (7) 

i-1  i»l 


If  the  state  of  alare  is  proclaiaed  only  when  the  two  warning  signals 

(2) 

overlap,  the  probability  of  false  alara  p  of  the  systea  is  given  by: 


1 

-  p~  p" 

1  *  l=P<i>  •  I:p~  ‘  I-p‘ 


(8) 


If  the  quantities  involved  in  eq.  <8)  refer  to  a  finite  alara  lifetiae 
&t,  this  equation  is  rigously  valid  under  the  assuaption  that,  when  the 
two  signals  overlap,  they  occur  together  at  the  begihning  of  At.  In 
general  this  is  obviously  only  an  approxiaation  (G.Grandori  et  al . , 
1984).  Later  on,  however,  it  will  be  seen  that  in  the  specific 
application  suggested  by  L. Jones  <1985)  eq.  (8)  is  rigorously  valid  even 
for  a  finite  alara  lifetiae. 

<2) 

As  far  as  the  probability  of  aissed  alara  q  is  concerned,  froa  eq. 
(6)  one  obtains: 


q<2)=  1  -  <1  -  q:>  <1  -  q2> .  <9> 

Coabination  gf.  weak  Precursors.  A  precursor  will  here  be  classified  as 
'weak*  either  if  both  p  and  q  are  very  high,  or  if  at  least  one  of  thea 
is  very  high.  Only  weak  precursors  will  be  considered  here  because, 
obviously,  should  a  strong  precursor  be  available  (i.e.  with  both  p  and  q 
sufficiently  saall)  the  problea  would  be  satisfactorily  solved  by  this 
single  precursor. 

The  exaaples  of  Table  C  show  what  happens  when  changing  over  froa  a 
single  precursor  to  a  pair  of  independent  precursors.  Three  types  of 
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precursors  art  considered  (to  the  left  in  the  table) :  type  £  with  both  p 
and  q  very  high,  type  fc  with  q  very  high  and  p  relatively  low,  type  g 
viceversa.  To  the  right  the  table  shows  the  characteristics  of  the  alare 
systees  based  on  a  pair  of  independent  precursors,  botl^type  g,  or  both 
of  type  fc,  or  of  type  g  respectively.  The  value  of  P(E>  in  eq.  (8) 

has  been  assueed  P(E)  *  0.00025.  In  stationary  conditions  this  value 

corresponds  to  a  eean  interoccurrence  tiee  between  sain  shocks  T(E)*22 
years,  with  an  alare  lifetiae  fit  ■  2  days. 

The  probability  of  false  alare  of  the  double-precursor  systee  is 

always  extreaely  saall  coepared  to  the  single  precursor.  As  an  obvious 

counterbalance,  the  probability  of  aissed  alare  is  larger  than  that  of 

the  single  precursor.  In  particular,  m  cases  g  and  only  two  in  a 

thousand  aain  shocks  would  be  predicted.  The  influence  of  this  fact  on 

(2) 

the  effectiveness  of  the  double-precursor  systea  is  such  that  U  is  ten 
tiaes  saaller  than  U  in  case  g  and  twenty  tines  saaller  in  case 

On  the  contrary,  two  precursors  of  type  g  provide  a  auch  Bore 
effective  alara  systea  than  the  single  precursor.  Another  advantage  of 


TABLE  C 


T - 

i 

SINGLE 

PAIR 

PjmP2mp  ,  q1*q2*q 

type 

p  q  u  , 

(2)  (2)  (2) 
p  q  u 

b9 

0.96  0.96  0.02 

0.125  0.998  0.002 

ha 

0.4  0.96  0.04 

0.0001  0.998  0.002  ! 

4 

0.96  0.4  0.04 

0.125  0.64  0.52  j 

4. 

i 

- - 

P(£/F)  »  0.04 

_ _ 

P(E/FjflF2>  *  0.875  • 

PtE/FjnFj)  *  0.016 

the  coabination  of  two  weak  precursors  of  type  g  *  shown  in  the  lower 
part  of  the  table.  When  one  of  the  precursors  occurs,  but  not  the  other, 
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the  conditional  probability  of  a  aain  shock,  PtE/F^F^),  is  noticeably 
saaller  than  the  conditional  probability  P(E/F)  for  a  single  precursor. 
This  Tact  gives  value  to  the  criterion  ‘proclaiae  the  alar*  only  when  the 
two  signals  overlap*. 

(?) 

The  values  of  U  and  U  of  table  C  have  been  obtained  froa  eg.  <5), 
and  so,  in  particular,  by  assigning  the  sane  weight  to  false  and  aissed 
alaras.  It  is  worth  pointing  out,  however,  that  to  assign  different 
weights  to  false  and  aissed  alaras  would  hardly  change  the  conclusions 

regarding  cases  g.  and  fe-  In  fact,  if  aissed  alaras  were  considered  aore 

(2) 

unfavorable  than  false  alaras,  the  ratio  U  /l)  would  be  even  sealler, 

and  only  if  the  weight  of  false  alaras  is  assuaed  to  be  auch  larger  than 

(2) 

that  of  aissed  alaras  aay  U  becoae  coaparable  with  U.  For  exaaple  in 

(2) 

case  a,  in  order  to  obtain  U  *  U  it  would  be  necessary  to  assuae  that 
the  weight  of  false  alaras  is  12  tiaas  as  large  as  the  weight  of  aissed 
alaras.  This  does  not  sees  realistic.  It  is  true,  in  fact,  that  false 
alaras  give  rise  to  econoaic  daaage  and  to  a  decrease  of  confidence  in 
the  alara  systea.  However,  a  aissed  alara  aeans  failing  in  the  very  aia 
of  an  alara  systea. 

In  conclusion,  only  the  coabination  of  weak  precursors  of  type  £. 
offers  valuable  advantages.  In  other  words,  an  alara  systea  based  on  a 
pair  of  independent  precursors,  even  if  the  probability  of  false  alara  of 
each  single  precursor  is  very  high,  seeas  to  have  reaarkable  interesting 
characteristics  provided  that  the  probability  of  aissed  alara  of  each 
precursor  is  relatively  low.  As  pointed  out  in  the  preceding  section, 
potential  foreshocks  constitute  a  precursor  that  does  in  fact  tuve  the 
properties  just  aentioned. 

Unfortunately,  a  second  precursor,  independent  of  foreshocks,  and  with 
siailar  characteristics,  is  not  available  at  present.  However,  the 
observations  contained  in  this  section  clarify  the  way  in  which  it  will 
perhaps  be  possible  in  the  future  to  obtain  an  effective  alara  systea 
based  on  a  pair  of  weak  precursors.  On  the  other  hand,  these  observations 
are  a  necessary  preaise  for  the  discussion  that  will  be  presented  in  the 
last  section  of  the  present  paper. 


It  reoains  to  bo  soon  what  happens  if  tho  precursors  sro  not 

independent.  It  is  worth  discussing  tho  probloo  first  with  tho  help  of  • 

numerical  sxeople,  bosod  on  o  calculation  process  that  is  not  rigorous, 

but  that  has  groat  heuristic  value.  The  exeaple  sokes  clear  in  a  sieple 

way  the  role  of  independence  of  the  two  precursors  in  the  calculation  of 
121 

p  .  Moreover,  it  helps  the  intuitive  understanding  of  the  conditions 
under  which  the  probability  of  false  alara  of  the  pair  of  precursors  tty 
be  very  ouch  saeller  than  that  of  each  component  precursor. 

ft  heuristic  oxanPle  Consider  two  precursors  with  the  sane 
characteristics,  naeely 

P1  *  p2  "  p  "  0,9  *  dj  ■  $2  *  M  *  0  . 

Suppose,  for  the  sonant,  that  the  precursors  are  independent  of  each 
other. 

Let  the  nean  interoccurreace  tine  between  events  E  be  T(E>  «  82  At. 

Let  that  precursor  Fj  be  a  natural  phenooenon  that  occurs  at  sunrise 
when  in  the  24  hours  following  there  will  be  the  earthquake  E.  As  a 
consequence,  At  *  1  day.  Note  that,  since  q  ■  0,  certainly  occurs  on 
the  day  of  the  earthquake. 

There  will  be  an  average  of  81  days  without  strong  earthquakes  between 
two  events  E.  At  sunrise  on  soae  of  these  days  there  will  be  false  F^. 
Since,  by  hypothesis,  p  *  0.9,  the  expected  nueber  of  days  whici)  contain 
a  false  oust. .be  9,  so  that  on  average  for  every  10  alarns  9  will  be 

false.  Let  the  9  days  containing  false  F^  have  a  randon  distribution  over 
the  81  days  without  E. 

The  precursor  F^  has  the  sane  characteristics  as  Fj,  and  so,  like  F^, 
will  certainly  occur  on  the  day  of  the  earthquake.  There  are  also  9  false 
F 2  readonly  distributed  over  the  81  days  without  E,  as  required  by  the 
independence  of  the  precursors.  5o  the  nuaber  k^  of  false  F^  that  occur 
cm  the  9  days  that  contain  false  F^  (and  thus  give  rise  to  a  false  alarn 
of  the  systee  based  on  the  use  of  both  precursors)  is: 
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ki2  "  9  *  ii  “  i  •  (10> 

In  contusion,  every  82  days  there  will  be  on  average  one  successful 

(2) 

alarm  and  one  false  slam.  The  probability  of  false  alara  p  of  the 
double-precursor  system  is  thus 


12 

rn*i 


0.5 


(11) 


Houever,  T(E)  *  82  days  >0.22  years  is  a  very  short  interoccurrence 
tiee  for  aain  shocks.  In  stationary  conditions  it  corresponds  to  a 
background  probability  P(E)  >  0.012.  With  the  saee  characteristics  of  the 
precursors  (p  >  0.9  and  q  •  0),  if  T(E)  is  longer  and  so  P(E)  is  smaller, 
the  only  thing  that  changes  in  expression  (10)  is  the  denominator,  with 
the  results  shown  in  the  following  table. 


T (E)  years 

0.22 

2.2 

22 

P(E) 

0.012 

0.0012 

0.00012 

0.5 

0.1 

0.01 

The  probability  of  false  alarm  of  the  double-precursor  system  (given  p 
and  q)  is  thus  greatly  influenced  Ly  the  value  of  the  background 
probability  P(E>.  This  clearly  depends  on  the  fact  that  the  smaller  the 
P(E),  i.e.  the  greater  the  T(E),  the  smaller  will  be  the  probability  of  a 
false  F2  overlapping  a  false  thus  giving  rise  to  a  false  alarm  from 
the  double-precursor  system . 

It  would  be  easy  to  show  that,  in  the  same  way  as  for  eq.  (11),  it  is 
also  possible  to  arrive  at  a  heuristic  proof  of  eq.  (8). 

THE  CASE  OF  NON  INDEPENDENT  PRECURSORS 

If  the  two  precursors  are  not  independent,  eq.  (8)  is  no  longer  valid. 
From  the  Bayes  theorem  and  from  the  theorem  of  total  probabilities  one 
obtaines: 


t  <»> 
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P<E/F^iF2>  ■ 


KFjnF^E) 


P(F1aF2aE)  ♦  PtF^FgAE) 


P<Fj>  P  (E/Ft>  P  (Fj/FjaE) 


1+ 


P(F^>  P  (E/Fj)  P  (Fg/FjAE) 


i.e.  1  -  p 


(2) 


-  PtE/FjftFg)  * 


<12) 


1  ♦ 


PtFg/F^E) 


P<F2/FlrtE>  1  1  -  Pj 


In  eq.  (12)  subscripts  1  and  2  can  obviously  be  pereuted. 

In  order  to  point  out  the  quantitative  influence  of  a  possible  non 
independence,  let  us  consider  again  a  particular  case  defined  as  follows: 


Pj  ■  P2  ■  P 


q  ■  0 


T(E>  -  (r+l)fit 


Let  K  be  the  average  nuaber  of  false  Fj  (and  false  F2)  in  the  r 
intervals  6t  without  E.  As  q  *  0,  then: 


P  (Fj/FjaE)  »  1  . 


(13) 


Horeover : 


PiFjj/FjnE)  -  -j-- 


(14) 


where  Kl2,  as  in  the  preceding  section,  is  the  average  nuaber  of  false 
^ln^2  *n  r  *n**rv*l»  without  E. 

Taking  into  account  (13)  and  (14),  eq.  (12)  bacoaes: 

(2)  -  1 


1  -  p' 


1  ♦  ^  .  _.E — 
K  1  -  p 


(15) 


The  ratio  X^/K  *  aeasure  of  the  correlation  between  the  two 
precursors.  In  the  case  of  independence,  eq.  (10)  holds,  so  that 

*12  K 

T  r  ' 


£ 
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while  in  the  case  of  a  coaplete  and  positive  correlation  between  false 
alares  coincides  with  K.  Thus 


(2) 

For  example.  if  p  *  0.98,  the  values  of  p  corresponding  to 

different  values  of  the  correlation  index  K^/K  are  shown  in  the 
following  table. 


p 

0.012 

0.1 

0.5 

1 

0.37 

0.83 

0.^6 

0.98 

The  lower 

limit  K12/K  = 

0.012 

coincides 

with  the  value  of  K/r 

corresponding 

to  T  (E)  ■  22 

years 

and  At  *  2 

days.  The  probability  of 

(2) 

false  alare  p  as  a  function  of  K^/K,  tor  different  values  of  p,  is 
represented  in  Fig.  3. 

As  can  be  seen,  the  independence  of  precursors  is  of  crucial 
importance:  even  a  saall  degree  of  correlation  between  precursors  will 
drastically  reduce  the  advantage  of  the  double-precursor  systea,  compared 
with  the  single  precursor,  in  teras  of  probability  of  false  alara. 

THE  CASE  OF  NON  STATIONARY  CONDITIONS 

Now  consider  a  single  precursor  F^  associated  with  sain  shocks  that 
follow  a  renewal  process,  i.e.  with  a  background  probability  P(E)  that 
depends  on  the  tine  t  elapsed  since  the  preceding  earthquake.  In  this 
case  the  conditional  probability  PiE/F^)  will  also  depend  in  general  on 
tQ.  A  siaple  example  of  a  case  of  this  type  was  developed  by  the  present 
authors  (1984) . 

L. Jones  (1985)  essentially  suggests  considering  t  as  a  second 
precursor,  This  stimulating  suggestion  deserves  a  sore  detailed  analysis. 

In  order  to  make  clear  the  role  of  t  as  second  precursor,  it  is 

convenient  to  consider  the  beqinning  of  At  as  a  random  time  point  and  to 

call  P(E  )  the  probability  of  a  main  shock  within  at.  P(E  )  coincides 
r  r 


I 
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with  the  "Poissonian'  probability  At/T(E>  and  is  constant  in  tiaa.  Than 

for  tha  sake  of  siaplicity  call  t  tha  following  avant:  ‘the  backwards 

tiaa  is  includad  batwaan  t  and  t  ♦dt".  Given  thasa  dafinitions,  it  is 

o  o 

aasy  to  saa  that  tha  actual  background  probability  P(E)  dafinad  in  tha 
pravious  sactions  is: 


P(E>  »  P<€  /t  t 
r  o 


Tha  conditional  probability  P^/F^nt  >  can  now  ba  darivad,  again  on 
tha  basis  of  tha  Bayes  thaoraa  and  of  tha  thaoraa  of  total  probabilitias. 
If  Fj  and  t  ara  conditionally  independent one  obtains: 


P(E  /F,#»t  )  *  P(E/F, ) 
r  i  o  l 


P(E  )  1-P(E  /F, >  1-P(E  /t  >  ' 

i  + - ,  - £™i_  _ E__5_ 

1~P<E  >  P(E  /F.)  1  P(E  /t  ) 

r  r  1  r  o 


whara  1  -  P(Ep/F1)  *  px  is  tha  avaraga  parcantage  of  falsa  alaras.  Note 
that  tha  probability  of  falsa  alara  Pj  at  a  given  instant  tQ  is 
1-PfE/Fj) . 

If  P(Ep)  is  vary  saall  coaparad  with  unity,  and  in  general  this  is  tha 

case,  expression  (16)  depends,  froa  tha  nuaerical  point  of  view,  only  on 

p^  and  on  tha  ratio  P<Ep/to>/P(Ep) .  In  tha  following  table  a  few  axaaplas 

of  p  *  1  -  P(E/F, )  for  different  values  of  p,  and  of  P(E  /t  )/P<E  )  are 
1  1  1  r  o  r 

presented . 


TABLE  D 


/t  >/P<E> 
o  r 

Pi  -  1 

pj  "  0.98 

-  P(E/Fj> 

P4  ■  0.96 

1 

0.98 

0.96 

S 

0.91 

0.83 

10 

0.83 

0.71 

20 

0.71 

0.35 
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The  procedure  suggested  by  L. Jones,  expressed  by  eg.  (16),  hes  two 
■ain  advantages.  First,  the  'precursor*  t  has  probability  of  aissed 
alara  q  *  0,  so  that  the  probability  of  aissed  alare  of  the  double- 
precursor  systea  coincides  with  that  of  Fj.  Second,  both  the  'events'  Fj 
and  t  occur  at  the  beginning  of.  At,  so  that  eg.  (16)  is  rigorously 
valid. 

However,  it  aust  be  pointed  out  that  eg.  (16),  like  eg.  (8),  is  valid 
only  for  independent  precursors.  In  particular  this  reguires  that  PiFj/E) 
*  P(Fl/TrttQ),  i.e.  the  rate  of  occurrence  of  events  Ft  in  the  gap  between 
two  events  E  aust  be  independent  of  tQ.  In  the  particular  case  of 
foreshocks,  this  independence  should  be  carefully  checked,  taking  into 
account  that,  as  pointed  out  in  the  preceding  section,  even  a  snail 
degree  of  correlation  would  drastically  increase  the  probability  of  false 
alara  of  the  systea. 

Moreover,  the  nuaerical  examples  of  Table  D  show  that  rather  large 
values  of  the  ratio  P(Er/to)/P(E^>  ara  necesarry  in  order  to  obtain  a 
substantial  reduction  of  the  probability  of  false  alara.  In  other  words, 
the  occurrence  process  of  aain  shocks  aust  be  a  process  with  a  very 
strong  senary,  i.e.  aain  shocks  should  follow  each  other  in  a  guasi- 
per iodic  sequence . 


CONCLUSIONS 

The  short-tern  earthquake  precursor  consisting  of  potential  foreshocks 
in  sone  Italian  seisaic  zones  have  quite  siailar  characteristics  to  those 
found  by  L. Jones  for  Southern  California,  nanely  a  high  probability  of 
false  alara  <p  *  ~  0.98)  and  a  relatively  snail  probability  of  aissed 
alara  (g  *  ~  0.5).  Should  a  second  precursor  be  ever  singled  out, 
independent  of  the  foreshocks,  and  with  siailar  characteristics,  the 
alara  systea  aada  up  of  the  pair  of  precursors  (with  the  state  of  alara 
proclaimed  only  when  the  two  warnings  overlap)  seeas  to  offer  such  sore 
interesting  prospects.  In  particular,  the  probability  of  false  alara 
would  be  reduced  to  values  so  low  that  there  could  be  no  doubts  about  the 
suitability  of  taking  emergency  eeasures  should  the  two  warnings  overlap. 
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It  is  however  of  crucial  importance  that  the  two  precursors  should  be 
independent.  So  the  problem  that  arises  is  how  to  distinguish,  froe  the 
various  possible  short-term  precursors,  those  that  froa  the  physical 
point  of  view  can  be  judged  as  independent  of  the  foreshocks.  This  would 
be  a  suitable  field  in  which  to  concentrate  research  effort,  bearing  in 
oind  that  the  second  precursor  can  be  extremely  useful  even  if  its 
probability  of  false  alaro  is  very  high,  provided  that  the  probability  of 
■issed  alarm  is  relatively  soall. 

If  the  occurrence  process  of  main  shocks  is  not  a  stationary  Poisson 

process,  and  the  background  probability  depends  on  the  tine  t  elapsed 

since  the  preceding  earthquake,  the  value  of  t  can  be  used  as  a  second 

o 

precursor,  with  the  chief  advantage  that  this  particular  type  of 
precursor  has  probability  of  missed  alaro  q  ■  0.  However,  careful 
scrutiny  should  be  applied,  in  this  case,  to  the  independence  of  the  two 
precursors.  Moreover,  the  combination  of  foreshocks  with  t0  becomes 
useful  only  if  the  ratio  between  the  conditional  probability  P(Er/to>  and 

the  ■Poissonien*  probability  P(Er>  is  very  high. 

1 
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ABSTRACT 

Recognizing  the  importance  of  the  concept  of  seismic  intensity,  the  paper  is 
intended  to  contribute  to  a  more  consistent  approach  to  this  concept.  The  state 
of  the  art  is  discussed,  essentially  in  connection  with  the  MSK  scale.  An  improved 
approach  is  proposed,  considering  instrumental  criteria  as  basic  criteria,  and 
macroseismic  criteria  as  derived  criteria,  to  avoid  bias  raised  at  present.  Two 
complementary  ways  of  defining  instrumental  criteria  are  proposed.  The  development 
of  macroseismic  criteria  is  related  to  vulnerability  analyses  for  various  classes 
of  structures. 

1.  INTRODUCTION. 

The  concept  of  seismic  intensity  is  at  present  a  common  concept  for  seismo¬ 
logists,  structural  engineers  and  other  specialists,  or  even  non-specialists. 
Persons  working  with  this  concept  are  recognizing  at  the  same  time  its  importance 
and  some  current  shortcomings  of  it.  The  most  important  shortcomings  that  must  be 
emphasized  at  this  place  consist  of  the  imperfect  definition  of  the  concept,  of 
the  fact  that  the  main  criteria  for  intensity  estimate  are  based  on  vulnerability 
characteristics  which,  at  their  turn,  are  defined  conditionally  upon  the  intensity 
(building  thus  a  source  of  bias  and  tautology),  of  the  lack  of  satisfactory  crite¬ 
ria  of  this  kind  connected  with  earthquake  resistant  construction,  of  the  non-satis 
factory  correlation  between  the  macroseismic  intensity  on  one  hand  and  the  instru¬ 
mental  criteria  on  the  other  hand. 

The  activities  of  the  fields  of  engineering  seismology  and  of  earthquake 
engineering  require  the  use  of  a  conceptual  and  methodological  basis  free  of  the 
shortcomings  referred  to.  This  p'aper  is,  intended  to  discuss  the  state  of  the  art 
of  this  field,  present  some  proposals  for  a  more  consistent  approach  to  the  concept 
of  seismic  intensity  and,  accordingly,  to  the  definition  of  intensity  scales  and, 
thus,  to  contribute  to  progress  in  this  basic  field. 

2.  SOME  REMARKS  ON  THE  STATE  OF  THE  ART. 

The  main  reasons  to  use  the  concept  of  intensity  are  : 

a)  the  need  of  quantifying  the  severities  of  different, actual, ground  motions. 

b) the  current  limitations  in  the  possibilities  of  obtaining  actual  accelero¬ 
grams,  generated  by  the  limited  instrumentation  density. 

c) the  need  to  relate  hazard  maps  to  one,  or  a  few,  parameters  characterizing 
ground  motions. 

d) the  needs  raised  by  the  quantification  of  seismic  vulnerability  of  the 
various  artifacts  of  man. 

The  MSK  scale  £  9l,tl03is,according  to  the  information  available  to  the  author, 
the  most  complete  and  best  organized  scale  of  seismic  intensity.  The  intensity  is 
estimated  in  this  frame  mainly  on  the  basis  of  observation  of  seismic  effects  upon: 

a)  the  behaviour  of  humans  and  animals  ; 

b) the  performance  of  buildings  and  other  artifacts  of  man; 

c) the  effects  on  landscape  and  natural  environment; 
which  are  referred  to  as  macroseismic  criteria. 

The  most  significant  criteria  are  related  to  the  effects  of  category  b)  ,i.e. 
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the  performance  of  buildings  or  other  artifacts.  The  performance  of  buildings 
and  other  works  is  evaluated  having  in  view  three  basic  coordinates: 

b.l.)  the  category  of  buildings  or  other  works,with  a  view  on  their  resis¬ 
tance  to  earthquake  action; 

b.2.)  the  degree  of  damage  undergone  subsequently  to  a  seismic  event; 

b.3.)  the  proportion  of  buildings  or  other  works  of  a  definite  category 
(b.l),  having  undergone  the  damage  degrees  referred  to  under  item 
(b.2). 

Instrumental  criteria (related  to  the  peak  ground  acceleration,  to  the  peak 
ground  velocity  or  to  the  peak  displacement  of .  a  standard  seismoscope  [10]) are 
used  as  secondary  estimation  criteria. 

The  macroseismic  criteria  are  considered  in  first  place  due  to  two  factors: 

a)  the  availability  of  much  more  information  of  this  kind; 

b)  the  unsufficiently  strong  correlation  of  macroseismic  data  with  instru¬ 
mental  criteria  (moreover,  as  it  is  emphasized  further  on,  the  relative 
nature  of  the  accepted  instrumental  criteria) . 

The  macroseismic  criteria  are  essentially  statements  on  the  vulnerability 
of  structures,  presented  in  a  rather  qualitative  manner.  Consider  in  this  connec¬ 
tion: 

a)  several  categories  of  structures,  S.  ; 

b)  a  discrete  quantification  of  intensity,  q.(e.g.  integer  values  of  it)  ; 

c)  a  discrete  quantification  of  damage,  d  (e.g.  given  integer  values  rang¬ 
ing  from  0-no  damage  to  5-collapse  [1^  ).  The  vulnerability  of  the  class 

S-  can  be  expressed  under  these  circumstances, by  means  of  the  matrix  of 
conditional  probabilities  (or  frequencies)  p^p,  corresponding  from  a 
qualitative  viewpoint  to  the  macroseismic  criteria.  The  use  of  macroseismic 
criteria  as  a  basis°Subsequent  vulnerability  estimates  leads  to  tautology, 
sin^e  some  rather  vague  data  are  used  to  derive  more  accurate  data 

pl^j  Some  Blore  *n  d«Ptl>  discussion  on  this  subject  is  given  in  [lS^Clb]. 

Given  the  problems  raised  by  the  current  approach  to  the  intensity  estimate, 
some  proposals  are  formulated  futher  on.  They  are  related  to  the  development  of 
instrumental  criteria  (section  3),  to  the  development  of  macroseismic  criteria 
(section  A)  and  to  the  structure  of  an  improved  intensity  scale  as  a  whole  (sect¬ 
ion  5) . 

3.  DEVELOPMENT  OF  INSTRUMENTAL  CRITERIA. 

An  attempt  is  made  at  this  place  to  develop  a  convenient  system  of  characte¬ 
ristics  and  criteria,  to  lie  at  the  basis  of  a  more  consistent  intensity  scale. 

A  categorization  of  instrumental  characteristics  based  on  accelerographic 
records  was  adopted  in  [16]  In  this  view.  The  approach  adopted  at  this  place 
consists  of  two  fairly  compatible  steps,  that  rely,  both,  on  the  use  of  proper 
(corrected)  accelerograms  : 

a)  a  first  step,  aimed  primarily  to  provide  on  the  basis  of  simple  analyses 
some  general  data  on  the  intensity  and  frequency  content  of  ground  motion; 

b)  a  second  step,  aimed  to  give  a  flexible  insight  into  the  ground  motion 
characteristics,  going  up  to  a  desired  degree  of  detail. 

The  first  step  consists  of  the  combined  use  of  EPA  (effective  peak  accele¬ 
ration)  and  EPV  (effective  peak  velocity)as  defined  iru[23]  on  the  basis  of  spec¬ 
tral  acceleration  an'  spectral  paeudovelocity  S‘  1  for  0.05  critical  damping 

(fig. 3.1.):  *  ** 

EPA  -  2.5  (measured  in  m/s*) 


(3.1a) 
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i 


EPV  -■  S(c)  /2.5  (measured  in  n/a)  (3.1b) 

pv 

It  is  possible  to  define  on  this  basis  the  corner  circular  frequency  u>c, 

to)  ■  EPA/EPV  (measured  in  i  ^  (3.2) 

c 

Given  the  quite  extensive  and  classical  studies  on  the  destructiveness  of 
steady-state  vibration  on  structures  [8]  .which  put  to  evidence  the  significancy 
of  the  product  of  acceleration  and  velocity  amplitudes,  it  is  proposed  to  cons¬ 
ider  for  the  earthquake  motions,  which  are  of  transient  nature  as  known,  the 
product  of  EPA  and  EPV  and  to  define  (for  a  single  direction  first) ,  an  instru¬ 
mental  intensity  given  by  the  expression  : 

I-log4(EPAxEPV)+Io-log2EPA-log4u»c+Io-log2EPV+log4w>Io  (3.3) 

This  definition  is  compatible  with  the  classical  ratio  2.0  of  increase  of 
instrusiental  criteria  for  a  unit)  increase  of  intensity  [10]  .  Conversely,  one 
can  write: 

EPA  -  EPVxu  -  2I_I°  x  JuT -  4I*"1°/EPV 
c  V  c 

EPV  ■  EPA  /«  c  -  2I-I°/^T  -  4I-1o/  EPA 
A  value  : 

Io  -  8.0  (or  VIII)  (3.5) 

can  be  conveniently  postulated.  In  case  one  considers  simultaneously  the  motion 
along  two  axes.  Ox  and  Oy,  the  definition  (3.3)  may  be  generalised  : 


(3.4a) 

(3.4b) 


I  -  logJ(EPA  x  EPV  +  EPA  x  EPV  ) / 2] ♦  I  (3.6) 

”  *  *  y  y  ” 

The  system  of  relations  (3.2)  to  (3.6)  corresponds  to  the  graphic  representa¬ 
tion  of  fig. 3. 2.  In  case  one  wants  to  use  the  expression  (3.6),  for  which  c»c  is 
no  more  defined,  it  appears  to  be  convenient  to  locate  the  point  corresponding  to 
the  value  I  (3.6)  on  a  straight  segment  determined  by  the  couples  of  points  (KPA_, 
EPVx)  and  (EPAy,EPVy). 
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The  use  of  previous  relations  is  illustrated  in  table  3.1  and  in  fig. 3. 2  for 
recent,  well  known, records. 

Table  3.1 


Ho. 

Earthquake 

Record 

Direction 

EPA  EPV  u». 

(m/s2)  (m/s)  1/s 

I 

PGA 

(m/s2) 

1. 

Romania, 4  March 
1977  C2] 

INCERC 

Bucharest 

N-S 

2.5 

(.625)  4. 

(8.3) 

2.2 

2. 

•  W  — 

—  — 

E-W 

1.6 

(.32)  5. 

(7.5) 

1.8 

3. 

— 

Horis. 

plane 

-  (l.o4)  - 
(product) 

(8.0) 

4. 

Off  the  Adriatic 
Coast, 15  April 
1979  (12) 

Petrovac, 

01  iva 

Hotel 

Long. 

7 

0.6  (11.7) 

(9.0) 

4.4 

5. 

.  «  . 

Ulcinj , 
Olympic 
Hotel 

Long. 

3.3 

0.42  (7.9) 

(8.2) 

2.6 

6. 

.  »  . 

Bar, Town 
Assembly 
Building. 

Long. 

4 

0.64  (6.25) 

(8.7) 

3.7 

*’***i\‘+?  ■*. ... 


* 


No  .  Earthquake 

Record 

Direction 

EPA  ElfV 
(m/s2)  (m/s) 

*c  2 

1/S 

PGA 

(m/s2) 

7.  San  Fernando, 

9  February 

1971  £  7j 

8244  Orion 
Blvd.l-st  floor 

V 

(2.4) 

0.4 

6.  (8.0) 

1.4 

g.  .  "  . 

_  "  * 

N 

(2.4) 

0.4 

6.  (8.0) 

2.7 

yo 

e 

1 

3 

445  South  N  52  W 

Figueroa  St.Stat 

(1.36) 

0.17 

8.  (6.9) 

1.5 

lo.  -  "  - 

•  ••  — 

S  38  W 

(1.08) 

0.18 

6.  (6.8) 

1.3 

11.  -  "  -  [21] 

Pacoima  Dam 

S  74  W 

(11.2) 

0.75 

15.  (9.5) 

12.5 

12.  -  "  - 

_  11  _ 

S  16  E 

(11.9) 

0.7 

17.  (9.5) 

12.4 

13. Mexico  City, 

19  Sept.  1985  [3] 

Comm.Transp. 

Building 

N-S 

2.8 

0.8 

(3.5) (8.6) 

1.1 

14.  -  "  - 

_  It  _ 

E-W 

4.2 

1.3 

(3.2) (9.2) 

1.8 

15.  -  "  - 

UNAM 

N-S 

0.48 

0.13 

(3.7) (6.0) 

0.35 

1 

s 

1 

e 

r“1 

.  II  . 

E-W 

0.48 

0.10 

(4.8) (5.8) 

0.38 

Note: Values  under  parentheses  are  derived  from  (3.2)  to  (3.6). 

The  instrumental  intensity  estimates  of  table  3.1  are  in  at  least  good  a- 
greement  with  macroseismic  estimates,  while  the  use  of  instrumental  criteria  of 
[10]  would  have  led  in  several  cases  to  important  gaps.  Note  the  possibility 
of  use  of  the  relations  (3.4)  for  retrodiction  of  EPA  and  EPV  if  estimates  on 
I  and  ut  are  available.  Note  also,  what  is  more  important,  that  the  acceptance 
of  relations  (3.3)  to  (3.6)  puts  to  evidence  the  relative  significancy  of  EPA 
or  EPV  (and  hencemore  of  PGA  and  PGV) .  The  representation  of  fig. 3. 2  shows  that 
one  must  go  along  a  straight  line  < »c»  const,  in  case  one  wants  to  use  a  (rela¬ 
tive)  system  of  values  EPA  or  EPV.  For  example,  the  instrumental  criteria  of  the 
MSK  scale  correspond  to  the  assumption  «c  -  12.5  s~  . 

The  second  step  consists  of  the  use  of  the  system  developed  in  [13]  ,  [14]  , 
for  which  some  basic  elements  are  recalled.  The  absolute  velocity  of  the  mass  of 
an  SDOF  system  with  undamped  natural  frequency  f  and  fraction  of  critical  damp- 
inr  ii.  subjected  to  the  component  i  of  ground  motion  (i-1,2,3)  is  denoted  by 

(f ,n,t) .  The  destructiveness  tensor  of  the  ground  motion  is  defined  under 
these  conditions  by  the  expression  : 

dt  (3.7) 

(where  i,j  ■  1,2,3  and  where  it  is  assumed  that  there  was  no  disturbance  applied 
to  the  SDOF  system  for  t<o).  The  horizontal  plane  destructiveness  is  given  by  the 
expression  : 

Dpl.n«<fSn)"  Dll<f;n)  *  D22(f5n)  (3.8) 

(where  i  -1,2  are  the  indices  of  the  orthogonal,  horizontal-,  axes). 

The  destructiveness  can  be  averaged  over  a  definite  frequency  interval .Without 
specifying  the  kind  of  destructiveness  by  means  of  any  subscript,  one  can  write  for 
the  averaged  destructiveness  5  (f'p  f";n)  the  expression 

C  f " 

5<f  ,f";n) - — -  \  D(f ;n)  ^  . 

ln(f”/f ')  J  f,  f 


(3.9) 
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The  specific  (engineering,  horizontal  plana)  intensity  ,Iplane(f)  is  *iv*n., 
hy  an  expression  :  r ' 
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is  a  constant,  related  to  the  case  of  2-D  definition.  It  is  possible 
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to  pass^innfhe  same  way  from  the  averaged  destructiveness  5  (f'.f"  t.o5)  to  the 
averaged  intensity  I  .  (f',f").  The  overall  intensity  is  postulated  to  be  a 
average  intensity  corresponding  to  the  bounds 


f'  ■  o.25  Hz;f"  »  16.o  Hz 


(3.11) 


The  use  of  the  tensor  D^. (f ;n) makes  it  possible  to  define  principal  axes 
and  destructiveness  ellipses^or  various  frequencies  (f) .  It  is  possible  to 
consider  also  averaging  for  the  principal  axes  and  destructiveness  ellipses, 
starting  from  the  averaged  destructiveness  tensor.  To  account  for  the  spectral 
content  of  ground  motion, using  a  discretized  representation,  it  is  possible  to 

use  a  sequence  of  values  I  -  (f.  )  for  f.  -  o.25,o.5,  1 . 16.  Hz_or 

f.  “  o.25,  o.35,  o.5,  o.7,  ?,  ...167Hz  or  to  consider  averaged  values  I  . 
(t^,fk+^)  related  to  the  sequences  referred  to.  ” 


It  appears  to  be  reasonable  to  adopt  a  calibration 

$L.  -  ' 

for  the  constant  I  j^ne  introduced  in  expression  (3.1o). 


(3.12) 


To  illustrate  the  possibilities  of  this  approach  on  the  basis  of  the  record 
of  INCERC-Bucharest  of  4  March  1977,  for  which  the  absolute  acceleration  response 
spectra  of  horizpntal  directions  are  given  in  fig. 3. 3a, b,  the  sequences  of  speci¬ 
fic  intensities  are  reproduced  in  fig. 3. 4a,  while  the  sequence  of  destructiveness 
ellipses  is  reproduced  in  fig. 3. 4b.  The  destructiveness  ellipses  represented  are 
well  correlated  with  the  directivity  of  motion,  put  to  evidence  by  the  damage 
distribution  observed.  Mote  in  relation  to  fig. 3. 4a  that  therepresentation  for 
Ijjg  corresponds  £o  the  hypothetical  case  of  zero  E-S  component,  using  further 
on  the  calibration  (3.12).  The  representation  for  IEW  coressponds  to  homologous 
assumptions. 


4.  DEVELOPMENT  OF  MACROSEISMIC  CRITERIA 


The  develoment  of  vulnerability-based  macroseismic  criteria  must  rely 
essentially  on  vulnerability  analyses  for  various  categories  of  structures. 
Vulnerability  analyses  require  primarily  dealing  with  following  problems  : 

a)  definition  of  some  categories  of  buildings  or  other  works,  S. .including 
a  thorough  qualitative  description  and  a  quantitative  characterization 
by  means  of  some  parameters  that  are  significant  from  the  structural 
engineering  view  point  and  may  be  relatively  easily  estimated  for  exist¬ 
ing  structures; 

b)  definition  of  a  damage  measure  or  damage  degree,  that  is  at  the  same 
time  easily  observable  and,  if  possible,  makes  sense  from  the  view  point 
of  the  degree  of  exhaustion  of  the  resistance  to  seismic  action; 

c)  definition  of  an  appropriate  system  of  quantification  of  the  seismic 
intensity; 

d)  development  of  an  adequate  methodology  for  deriving  the  discrete  condit¬ 
ional  probabilities  pA)  introduced  in  section  2. 

More  developments  on  this  subject  are  given  in  (17]  ,  where  conceptual  and 
methodological  aspects  are  discussed,  a  summary  of  data  available  in  Europe  is 


liven  end  the  use  of  the  outcome  of  vulnerability  and  risk  analyses  la  dealt  with. 

5.  SUGGESTIONS  TOR  A  MORE  CONSISTENT  APPROACH 
TO  THE  DEVELOPMENT  OF  INTENSITY  SCALE. 

1..  The  main  body  of  an  up-to-date  intensity  scale  should  consist  of  two  parts i 

tart  1  t instrumental  criteria 

Part  Il:macroseismic  criteria 

2.  The  basic  criteria  for  intensity  estimation  must  be  postulated  in  the  form 
of  instrumental  criteria,  to  avoid  the  bias  raised  by  the  tautological  approach  of 
current  scales^  It  is  proposed  in  this  connection  to  define  (at  least  provisionally) 
the  (instrumental)  intensity  by  swans  of  the  couple  of  expressions  (3.3)  (or  (3.6)  ) 
and  (3.5),  unless  a  more  detailed  analysis  makes  it  possible  to  further  refine  the 
expression  (3.6)  snd/or  to  introduce  the  influence  of  the  verticalcomponent .which 
was  neglected  in  previous  developments .  In  order  to  introduce  a  more  detailed  in¬ 
sight  into  the  ground  motion  characteristics,  it  is  proposed  to  use,  complementa¬ 
rity  ,  the  spectral  and  directional  characterisation  introduced  by  a  set  of  specific 
(or  averaged)  intensities,  as  provided  by  the  expressions  (3.9)  or  (3. to) .together 
with  the  provisional  calibration  (3.12),until  a  better  calibration  becomes  available. 

•3.  The  vulnerability-based  (macroseisaic)  criteria,  which  represent  at  present 
the  mein  body  of  the  intensity  scale,  should  be  applied  further  on  extensively 
Wen  more  extensively  than  at  present),  but  must  be  regarded  as  derived  criteria, 
and  not  as  basic  criteria.  The  development  of  a  satisfactory  set  of  macroseismic 
criteria  must  be  considered-  as  a  dynamic  process  of  cumulation  of  information  and 
of  development  of  a  comprehensive  data  bank.  The  statements  of  the  macroseismic 
pert  of  the  intensity  scale  should  make  explicit  reference  to  tables  containing 
information  of  the  type  p£})  (section  2),  for  various  categories  of  structures  S^. 

4.  The  use  of  macroseismic  criteria  should  be  regarded  essentially  as  a  means 
>f  approximate,  but  consistent,  completion  of  information  provided  by  the  instnmwntal 
lata  which  will  be  available  in  a  limited  quantity  in  the  previsible  future. 

S.  CONCLUDING  REMARKS. 

1.  The  concept  of  seismic  intensity  represents  a  necessary  tool  for  various 
problems  of  engineering  seismology  and  of  earthquake  engineering  and,  consequently, 
i  scale  of  seismic  intensities  is  equally  necessary. 

2.  The  analysis  of  the  state  of  the  art  puts  to  evidence  on  one  hand  the  uae 
>f  the  concept  of  s'eismic  intensity  but,  on  the  other  hand,  the  current  conceptual 
ud  methodological  shortcomings. 

3.  The  qualitative  improvement  of  the  concepts  referred  to  requires  a  more 
igorous  and  consistent  approach.  The  possible  way  of  removing  the  current  conceptual 
ias  is  represented  by  the  definition  of  seismic  intensity  primarily  on  the  basis 

f  instrumental  parameters.  The  macroseismic  criteria  mill  become  under  these,  condi- 
ions  derived  criteria,  losing  the  current  position  of  primary  criteria. 

A.  The  system  of  instrumental  parameters  lying  at  the  basis  of  the  intensity 
cale  must  be  flexible,  making  it  possible  to  determine  for  a  given  ground  motion 
more  precisely  for  a  3-D  accelerogrsaO  either  one  single  parameter  (instrumental 
ntensity),or  several  paraawters,  to  account  for  the  spectral,  directional  etc. 
matures  of  ground  motion.  Some  proposals  were  developed  in  this  sense  in  section. 

i 

;  5.  The  mecroseismic  criteria  should  be  gradually  developed*  considering  vario¬ 

us  categories  of  structures,  for  which  vulnerability  characteristics  are  to  be 
isfiaed  and  derived.  The  work  in  this  field  should  encompass  adequate  definitions 


and  descriptions  for  rho  cn tenor ies  nf  stmef  ures  il.-.-ilt:  with. for  the  (observable) 
damage  and  for  the  intensity  of  ground  motion  i providing, of  course, the  necessary 
compatibility  between  the  primary  definition  of  instrumental  seismic  intensity  on 
one  hand  and  the  parameters  considered  in  the  definition  of  vulnerability  charac¬ 
teristics  on  the  other  hand). 

6.  The  dovclopmertL  of  a  more  refined  concept  of  seismic  intensity  and  ..  cord- 
ingly  of  a  more  refined  scale,  must  be  regarded  as  a  long  lasting  process, requir¬ 
ing  sample  applications  of  intermediate  results  besides  a  particularly  extensive 
work  of  gathering  of  information. 
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ABSTRACT 

The  present  analysis  extends  the  current  methods  of  studying 
the  . kinematic  and  dynamic  parameters  of  seismic  waves  applied  in 
the  time  and  frequency  domains  to  the  third  amplitude  domain. 
This  approach  makes  it  possible  to  determine  the  maximum  ampli¬ 
tude  of  vibration,  the  total  values  of  its  duration,  energy, 
impulse,  and  root-mean-square  amplitude,  effective  amplitudes  and 
durations,  which  are  defined  by  the  probability  of  amplitude 
occurrences  in  the  seismic  signal.  Applications  of  these  quanti¬ 
ties  in  standard  seismological  practice  allow  us  to  calculate  the 
duration  magnitude  of  small  and/'or  local  earthquakes  in  a  more 
effective  way,  to  find  the  attenuation  curves  of  seismic  motions 
and  to  estimate  the  quality  factor  Q  of  a  medium,  to  assess  the 
values  of  effective  amplitudes  and  durations,  which  can  be  appl i- 
ed  in  the  engineering  seismology,  and  to  classify  ground  motions 
with  respect  to  macroselsmic  effects.  The  last  application  is 
also  successfully  used  'in  the  selection-  of  analogous  strong 
ground  motions  for  purposes  of  earthquake  engineering. 


U  INTRODUCTION 

A  ground  motion  record  is  the  sum  of  a  seismic  signal  gene¬ 
rated  by  an  earthquake  or  by  any  other  artificial  event,  and  of 
seismic  noise.  The  present  signal  analysis  involves  the  methods 
of  studying  the  kinematic  and  dynamic  parameters  of  seismic  waves 
applied  in  the  time  and  frequency  domains.  'Since  recently,  most 
ground  motions  have  been  recorded  in  the  digital  form,  the  compu¬ 
ter  techniques  of  their  analyses  can  be  easily  introduced  to  the 
common  practice.  From  this  wievpoint,  the  present  seismic  signal 
analysis  often  Involves  routine  spectral  processing  of  the  sig¬ 
nals  and,  as  presented  in  this  paper,  this  processing  can  be  also 
extended  to  the  new  amplitude  domain. 

An  attempt  to  study  the  frequency  of  different  amplitudes 
within  a  certain  time  period  of  the  ground  motion  record  has 
already  been  made  by  BOLT  and  ABRAHAMSON  <1992).  However,  only  a 
part  of  a  seismic  record  with  maximum  amplitudes  exceeding  0.02 
and  0.04  g  was  investigated.  Contrary  to  this  approach,  SCHENK 
< 1983a)  analyzed  all  digitized  amplitudes  of  a  seismic  record 
without  any  restriction.  By  using  the  absolute  values  of  digitiz¬ 
ed  amplitudes  and  by  classifying  them  according  to  their  magni¬ 
tudes,  a  frequency  distribution  of  these  amplitudes  within  a 
seismic  record  was  obtained.  Just  like  in  the  study  of  a  seismic 
wave  in  the  time  domain  we  need  the  time  history  of  vibrations 
and  in  the  frequency  domain  we  have  to  know  the  amplitude  and 
phase  spectra,  in  analyzing  a  wave  in  the  amplitude  domain  we 
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have  the  ampl  itude-f requency  distr  ibu t  ions  <AFD> .  Since  the  ana¬ 
lysis  of  seismic  waves  in  the  amplitude  domain  is  a  new  approach 
in  standard  processing  techniques  and,  therefore,  it  is  not  so 
widely  known,  this  paper  summarizes  the  results  achieved  recent¬ 
ly.  The  methodology  of  AFD  calculation  and  the  description  of  new 
wave  parameters  as  wel 1  as  their  application  to  standard  seis- 
mological  and  earthquake-engineering  practice  are  discussed. 


2.  THEORETICAL  BACKGROUND 

A  reeord  of  seismic  particle  ground  motion  consists  of 
various  wave  types  and  their  phases  arriving  at  the  observation 
place  at  different  times  and  from  different  dirrections.  In  the 
first  approximation  it  can  thus  be  presumed  that  the  record  is  a 
series  of  individual  seismic  signals,  whose  character  can  be 
expressed  by  a  simple  vibrating  motion  described  by  the  differen¬ 
tial  equation  of  the  second  order  in  the  following  form 

d4x  g  dx  ^ 

-  + - +  -  »  0  <1> 

dta  m  dt  m 

where  £  is  the  constant  of • proport ional ity  between  the  medium 
resistance  (proportional  to  the  inner  friction  of  the  medium)  and 
the  velocity  of  a  particle  vibration,  96  is  the  constant  of 
proportionality  giving  the  magnitude  of  the  force  that  caused  the 
harmonic  motion  in  direction  x,  m  being  the  weight  of  the  medium 
particle.  The  solution  of  equation  <  1)  yields  the  amplitude  A  in 
direction  x  at  arbitrary  time  t 

A  »  A0  cos  W  t  exp  <-  fi  t>  ,  <2> 

where  |1  ■  (f  /  2  hi  is  the  constant  of  attenuation  of  a  particle 
vibration  with  time,  W  *  -  /3l  i»  the  angular  vibration 

frequency,  and  Afo  is  the  angular  frequency  in  time  ta  when  the 
deviation  of  a  part  idle  from  its  equilibrium  position  in  direc¬ 
tion-  x  was  the.  greatest  <  A  ■  A©  >•  From  relation  (2>  it  ensues 
that  the  amplitudes  of  the  vibration  motion  A  having  originated 
decay  with  time  according  to  the  relation 

A  «•  A0  exp  (-  (3  t)  ,  <3> 

where  fa  is  referred  to  as  the  vibration  attenuation  of  the  me¬ 
dium  particles. 

As  relation  <3>,  corresponding  to  the  envelope  of  abso¬ 
lute  values  of  particle  motion  amplitudes  with  time,  is  a  conti¬ 
nuous  and  purely  monotonous  function  over  the  entire  interval  of 
the  values  of  time  t  ,  there  is  also  an  inverse  function  (JARNIK 
1933)  to  this  function  in  the  following  form 

t  ■  1 0  exp  <-  fi  t)  .  < 4) 

The  inverse  function  makes  it  possible  to  transfer  the  strong 
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ground  motion  analysis  -from  the  time  domain  to  the  amplitude 
domain . 


In  analyzing  the  wave  pattern  of  particle  motions  in  the 
amplitude  domain,  we  determine  the  number  of  occurrences  M  of 
the  sampled  amditudes  in  individual  amplitude  classes  A  A  of  a 
constant  size  (SCHENK  1935a,  1935b).  Relation  (3)  makes  it  evi¬ 

dent  that  the  decrease  of  the- ampl  i  tudes. of  the  vibrating  attenu¬ 
ated  motion  by  a  constant  difference  A  A  of  amplitudes  (size  of 
the'  amplitude  class)  corresponds  to  the  exponential  law,  which 
means  that  the  decrease  of  the  lower  vibration  amplitudes  by  the 

A  A  value  lasts  a  longer  time  period  than  the  same  decrease  in 

the  range  of  higher  amplitudes.  Therefore,  we  can  write 

t;  -  ti  »  N  it  ,  (5) 

where  times  tj  and  t^  are  those  between  which  amplitude  A^ 

attenuates  to  amplitude  Aj  ,  At  being  the  sampling  interval 
of  the  record.  From  relation  (3)  it  then  follows  that 

|  Aj  -Ai|  -  A0  exp  £-  |»  (  tj  -  t*  ,  <*> 

and  the  inverse  function  to  relation  (6)  can  be  written  in  the 
following  form 

(  tj  -  t^  )  -  t0  exp  <-  ft  |  Aj  -  A;|  >  .  (7> 

After  taking  the  logarithm,  we  obtained  the  following  relation 

1„  <  «j  -  U  >  -  in  -  p,  |  ftj  -  fl;|  ,  <8> 

which  after  the  introduction  of  relation  (5)  can  be  rewritten 
into  the  form  of  the  amplitude-frequency  distribution  of  ground 
motion  (SCHENK  1985a) 

In  N  «  In  Ns  -  (i  AA  ,  (9> 

where  Ns  «■  T^s  /  At  is  the  total  number  of  the  amplitude  samples 
which  belong  to  the  investigated  seismic  signal  of  an  overall 
duration  *£s  and  A  A  *  )  Aj  -  A*  |  is  the  amplitude  class  in  the 
amplitude-frequency  distribution. 


3.  AMPLITUDE- FREQUENCY  DISTRIBUTIONS 

Let  us  take  a  digital  ground  motion  record,  e.g.  a  series  of 
amplitudes  A  in  times  t  during  an  observation  period  T  J  the 
At  between  two  successive  amplitudes  is  a  sampling  interval  which 
has  to  be  constant  (Fig.  1).  It  is  obvious  that  adequate  density 
of  digitization  is  necessary  to  express  the  proper  character  of 
the  motion.  Since  the  goal  of  our  analysis  is  to  find  the  ampli¬ 
tude-frequency  distribution  of  digitized  amplitudes  according  to 
their  magnitudes,  thus  the  maximum  amplitude  Amax  defines  the 
upper  limit  of  a  set  of  amplitude  classes  A  A  for  which  the 
distribution  is  to  be  found  and  the  set  of  the  amplitude  classes 
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Fig.l.  Ground  motion  record  afiO  quant  it  let  #f 


is  created  by  simple  linear  division  o f  this  value  into  the 
required  number  of  classes.  Then  by  simple  statistical  assortment 
of  the  absolute  amplitude  values  of  a  seismic  record  into  indivi¬ 
dual  amplitude  classes  we  obtain  the  density  ampl itude- frequency 
distribution  (AFD) .  In  conformity  with  the  presumption  that  the 
attenuation  of  the  seismic  signal  amplitudes  with  time  corres¬ 
ponds  to  the  exponential  law  (see  relation  <9)>  ,  the  AFD  can  be 
aproximated  by  the  exponential  dependence*  In  principle!  we  dis¬ 
tinguish  density  and  cumulative  AFD,  and  we  can  express  it  either 
in  dependence  on  the  sequential  order  of  the  amplitude  class  K 
in  the  set  or  in  dependence  on  the  absolute  value  of  the  ampl i- 
tude  A  of  ground  motion. 


For  density  AFD  we  thus  write 


or 

log  N*  -  a,  - 

[class  k] 

<  10«> 

log  n4  -  a5  - 

[ampl  itude  a] 

<  iob> 

and  for 

cumulative  AFD 

• 

or 

log  IN;  •  ae  -  be(lt^  [class  k] 

(  1  la) 

log£Nt  •  *©  -  bC(A> 

[ampl itude  A  j  , 

<  lib) 

where 

Ni  Is  the  number  of  seismic 

wave  amplitudes  that 

belong 

to  amplitude  class  K  ,  index  iwt,2,.**  Kmax  ,  coefficients  a^, 
ac  ,  ,  b}(A)  ,  be(/,)  and  b«(K)  are  determined  empirically 

from  the  approximation  of  the  central  signal  part  of  the  respec¬ 
tive  AFD  by  the  least-square  method.  Figure  2  shows  the  AFD  of 
the  known  accelerogram  Cl  Centro  1940,  vertical  component. 

In  the  approx imation  of  both  AFD  types,  an  important  role  is 
played  by  the  selection  of  the  range  of  values  N£  that  will 
characterize  the  seismic  Signal  sufficiently  well.  The  N 
values  that  correspond  to  the  lowest  amplitude  classes  have 


4 


•  --'■ewne 


Fig. 2.  Ampl  itude-f requency  distributions 


proved  to  be  affected  by  seismic  noise,  while  the  chaotic  ('zig¬ 
zag*  or  'comb-like')  character  of  the  values  of  the  highest 
amplitude  classes  is  given  by  the  irregular  occurrence  of  random 
peak  amplitudes  of  the  signal,  often  due  to  the  local  seismogeo- 
logical  inhomogeneities  of  the  medium  (SCHENK  1985a) .  For  this 
reason,  both  marginal  parts  of  the  AFD  should  first  be  separated 
from  the  central  part  of  the  distribution,  which  then  provides 
mdre  or  less  reliable  characteristics  of  the  seismic  signal,  and 
only  then  approximated  by  relations  (10)  and  (11). 

The  question  of  separating  the  amplitudes  of  seismic  noise 
from  those  of  the  signal  and  the  methods  of  optimum  approximation 
of  amplitude-frequency  distributions  were  solved  earlier  (SCHENK 
1985a).  A  successful  separation  of  the  noise  amplitudes  from  the 
signal  amplitudes  generally  depends  on  two  ratios: 

i)  the  signal  amplitudes  As  to  the  noise  amplitudes  An  ,  and 

li)  the  duration  of  the  entire  investigated  period  T  to  the 
signal  duration  Tfs. 

In  some  cases,  if  As  >>  An  and/or  T  ■  *Cs  ,  the  "noise"  part  of 
the  AFD  does  not  appear,  but  sometimes,  if  T  >  *Cs  or  As  does 
not  differ  from  An  by  more  than  one  order,  it  is  very  pronounc¬ 
ed  especially  in  the  density  AFD.  To  select  the  "noise"  part  of 
the  distribution  from  the  whole  AFD  and  to  find  only  its  repre- 
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Mn  t*4  ive  part  fo.fr  §>  reliable  afcprox  iMt  ion  by  relation 


109  *  a  -  b  A  ,  .  (  12)  • 

where  N  is  the  number  of  amplitude*  of  the  ground  motion  record 
which  correspond*  to  the  given  amplitude  class  A  ,  we  applied  the 
procedure  that  ‘follow*. 

Theoret ical ly ,  a  determ inat ion  of  a  suitable  range  of  ampli¬ 
tude  classes  depends  on  the  ratio  between  the  maximum  amplitude 
of  the  signal  Amax  and  the  seismic  noise  amplitudes  An  <Fig.l>. 
Let  us  have  K  amplitude  classes,  then  the  lower  limit  of  the 
class  range,  in  which  the  values  N  ,  where  index  i*»l,2,..K  ,  can 
be  used  for  the  approximation,  is 

■»  (  An  /  Amax  >  K  <  13a) 

and  for  the  upper  limit  of  this  range,  according  to  our  experi¬ 
ence,  the  value 


Ku  -  K  -  n  Kl  ( 13b) 

can  be  recommended:  coefficient  n  is  approximately  3  -  3.5  for 

the  density  AFD  and  approximately  close  to  2  for  the  cumulative 

one.  Of  course,  these  values  have  to  be  determined  individually 
for  each  record.  Therefore,  after  testing  several  records  (SCHENK 
1985a),  we  can  recommend  the  limits 

Kl  »  nl  K  and  Ku  ■  n2  K  (14) 

for  routine  processing  of  strong  ground  motion  records,  where  0.1 

<  nl  <  0.15  and  0.65  <  n2  <  0.75  for  the  density  AFD  and  0.75 

<  n2  <  0.8  for  the  cumulative  AFD;  these  coefficients  were 

^.checked  by  visually. 

Another  way  of  finding  a  reliable  central  part  of  the  AFD  is 
based  on  the  application  of  a  mutual  correlation  of  all  values  N 
of  the  AFD  and  by  a  sequantial  cutting  off  its  margial  values  to 
find  the  highest  correlation  coefficient.  Then  we  assume  that  the 
remaining  central  part  of  the  AFD  represents  the  distribution  of 
the  seismic  signal. 


4.  PROPERTIES  OF  THE  "AFD"  COEFFICIENTS 

The  number  of  amplitude  classes  does  not  only  determine  the 
character  of  the  AFD,  but  it  mostly  affects  also  the  actual 
course  of  density  distribution.  Figure  3  demonstrates  examples  of 
the  density  AFD  <thin  line)  and  the  cumulative  AFD  (bold  line)  of 
seismic  signal,  component  S90W,  recorded  at  El  Centro  sit*  during 
the  Imperial  Galley  earthquake,  Hay  18,  1940,  constructed  for 
eight  different  numbers  of  Kmax  classes.  A  comparison  of  the 
distributions  obtained  for  different  values  of  Kmax  has  re¬ 
vealed  that  the  parameters  of  the  cumulative  AFD  of  a c  •  bc(K) 
and  bC(A)  a*  »*  parameters  of  >h*  density  AFD  and 
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do  not  necessarily  depend  on  Kmax  ,  while  values  aj> 
directly  depend  on  the  maximum  number  or  ampl ;tude  classes.  In 
■‘act  it  car  be  written 


[■:  Km  a...  (i) 


where  Kma:;  are  the  maximum  numbers  or  ampl  itude  classes  used 
to  -forming  the  AFD ,  aj>r,y,\  being  the  corresponding  parameters  of 
the  density  AFD. 


Fig.. 3.  Dependence  of  density  and  cumulative  AFDs  on  the  Kmax . 


In  principle,  different  combinations  of  the  density  and 
cumulative  AFDs  can  be  made  (Fig. 3)  depending  on  the  values  of 
Kmax  .  It  appears  that  the  approximation  of  the  cumulative  AFD  by 
relation  <111,  adherence  to  this  value  is  not  essential  since  a 
change  of  Kmax  does  not  affect  the  course  of  this  distribution 
very  much.  From  the  point  of  view  of  the  character  and  the  course 
of  the  density  AFD,  however,  the  maximum  number  of  amplitude 
classes  Kmax  equal  to  50  seems  to  be  the  optimum  numbers  the 
character  of  the  AFDs  are  quite  distinct  for  an  objective  appro¬ 
ximation  by  relations  (10)  and  (ID.  The  greater  the  number  of 
Kmax  classes,  the  greater  the  scatter  of  N  values  in  the  part 
of  higher  amplitudes  of  the  density  AFD  (see  Fig.  3),  in  other 
words,  a  more  extensive  part  of  the  "zig-zag"  values  is  formed. 
For  this  reason,  all  the  following  relations  in  the  present  paper 
correspond  to  the  AFDs  with  Kmax  *  50.  If  they  are  to  be  modi¬ 
fied  to  another  number  of  amplitude  classes,  it  is  necessary  td 
use  rel at  ion  < 15) . 
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The  other,  not  less  important  parameters  of  the  AFD,  are  pa¬ 
rameters  a  and  b  ,  which  characterize  the  relationship  of  the 
amplitude  number  in  individual  amplitude  classes.  From  relations 
<10)  and  < 1 1 >  it  follows  that  these  parameters  can  be  expressed 
in  following  ways: 

ap  ...  corresponding  to  the  density  AFDs, 

ac  ...  corresponding  to  the  cumulative  AFDs, 

kfcOc)'’*  corresponding  to  the  density  AFD  constructed  in  depen¬ 
dence  on  the  number  of  K  classes, 
bp(A) • • •  corresponding  to  the  density  AFD  constructed  in  depen¬ 
dence  on  a  physical  quantity  of  a  seismic  wave  amplitude,  e. 
g.,  on  acceleration  £  cm  s"4J  ,  etc. 
bC(K)...  corresponding  to  the  cumulative  AFD  constructed  in  de¬ 
pendence  on  the  number  of  K  classes  and 
bc<A) • ■ •  corresponding  to  the  cumulative  AFD  constructed  in  de¬ 
pendence  on  a  physical  quantity  of  a  seismic  wave  amplitude. 

A  study  of  the  character  of  parameters  a  and  b  of  the  density 
and  cumulative  AFDs  was  performed  on  a  set  of  accelerograms  of 
five  Californian  earthquakes  (Parkfield  hKS.S,  Borrego  Mtn. 
M**6.0,  Imperial  Vall.ey  M**6.4,  San  Fernando  M«6.5  and  Kern  County 
M®7.2),  i.e.  163  horizontal  and  82  vertical  components  (SCHENK 
1985a, b).  The  obtained  results  are  summarized  under  the  following 
items  and  figures: 

i>  the  reliability  of  determining  the  dependence  of  the  cumula¬ 
tive  AFD,  and  the  be  values  connected  with  it,  is  greater 
than  with  the  density  AFD. 

ii)  amplitude  relations  of  the  density  and  cumulative  AFDs  are 
invariable  with  the  increasing  distance  from  the  source  and 
the  following  approximate  relation  is  valid 

ac  *  ip  +  0.878  ±  0.269  .  (16) 

iii)  the  values  of  coefficients  ac  and  ap  increase  with  the 
increasing  distance  from  the  source  (Figs  4a  and  4b). 

iv>  between  the  "b"  parameters  of  the  density  and  cumulative  AFD 
of  the  same  record,  the  following  dependence  can  be  found 

bc  ■  1.3  bp  ,  (17) 

v>  the  values  of  coefficients  be(K)  and  be<A),  and  consequent¬ 
ly  also  those  of  bp(K)  and  b  ,  appear  to  be  indepen¬ 

dent  on  the  source  size, 

vi>  coefficients  bp(*)  and  bcCKl  do  not  change  with  the  dis¬ 
tance  from  the  source  and  it  appears  that  there  is  no  dif¬ 
ference  in  the  behaviour  of  the  coefficients  that  belong  to 
the  horizontal  or  vertical  component  of  a  seismic  wave  (Fig. 
3> , 

vli>  the  values  of  coefficients  bx>(A)  *nd  b  c(A)  increase  with 
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on  distance  R  . 


Fig. 4a.  Dependence  of  the  coef f  ic  ien t  aj 


Fig. 4b.  Dependence  of  the  coefficient  ac  on  distance  R  . 

the  increasing  distance  from  the  source  <Fig,6);  for  the 
vertical  component  we  can  write 

log  b  c (a)  ”  1.41  log  R  +  3.63  U8a) 

and  for  the  horizontal  one 


loo  b  - . 


1.41  log  R  ♦  3.39 


(  18b) 


STANDARD"  AFD 


The  conditions  for  the  computation  of  the  AFD  have  to  be 
defined  in  such  a  way  as  to  make  the  values  characterizing  the 
ground  motion  dynamics  comparable.  As  it  follows  from  the  pre¬ 
vious  part  of  the  paper,  the  AFDs  may  not  be  affected  only  by  the 
differences  in  the  records  of  seismic  waves,  but  also  by  the 
parameters  that  determine  their  computation.  In  standardizing  the 
computation,  we  have  to  adhere  to  the  fol lowing' rules: 

i>  keeping  an  identical  sampling  interval  At  of  a  record, 

ii>  expressing  the  record  amplitudes  in  identical  physical  units 
of  the  ground  mot  ion  and 

iii)  preserving  the  same  total  number  of  amplitude  classes  Kmax 
in  the  AFD  computation. 

A  great  majority  of  accelerograms  of  the  world  data  bank  are 
sampled  at  t  =  0.02  sec  (SCHENK  and  VOJTISEK,  1985)  and  this 
value  has  proved  to  be  sufficient  for  determining  the  AFD  too 
(SCHENK  1985a).  In  the  future,  the  sampling  interval  0.02  sec  of 
a  seismic  record  is  most  likely  to  be  regarded  as  the  standard 
sampling  interval  A  t ST  . 

If  a  seismic  record  is  sampled  at  an  interval  At*  differ¬ 
ent  from  Aisx  i  there  occurs  a  change  in  the  amplitude  number  of 
a  record,  which  is  also  reflected  in  different  numbers  of  am¬ 

plitude  occurrences  in  amplitude  classes  A  A  £  .  The  shorter  the 
interval  At  ,  the  greater  the  numbers  of  N ^  ,  and  thus  we  can 
write 

nst  =  NK  (  a  t*  /  A  tST  >'  ,  (19) 

where  NST  is  the  number  of  seismic  ground  motion  amplitudes  con¬ 
tained  in  the  respective  amplitude  class  at  sampled  interval  Atsr 
and  N*  is  the  number  of  amplitudes  if  interval  A  tx  is  used. 
Thus,  the  following  relations  are  valid  between  these  AFDs 

log  Nx  *  ax  -  b*  A  ,  (20a) 

determined  from  a  seismic  record  at  sampling  interval  a  tK  ,  and 
by  an  analogous  "standard"  AFD 

logNsr  *  a  *T  -  bjrr  A  ,  (20b) 

determined  at  sampling  interval  a  t  ST  i 

a  ST*  *  *  +  1  og  (  a  t  x  /  A  t  s_  >  (21) 

And 

b£T  “  bx  •  <22> 

The  other  condition  that  has  to  be  satisfied  for  standard 
AFD  is  giving  the  amplitudes  of  seismic  ground  motion  always  in 
the  same  physical  units  :  for  accelerations  in  [cm  ,  for  velo- 
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city  in  [cm  s’*] 'and  ■for  displacement  in  [cm  1  .  The  necessity  to 
satisfv  this  condition  is  evident  end  neea  not  be  explained-, 
further. 

The  standardization  of  the  computation  of  the  AFD  of  a  seis¬ 
mic  record  requires  preserving  the  same  maximum  number  of  ampli¬ 
tude  classes  ir>  each  analysis.  As  mentioned  above,  a  change  in 
the  maximum  number  of  amplitude  classes  also  produces  a  change  in 
the  total  number  of  amplitudes  N  of  each  class  of  the  density 
AFD,  and  consequently,  the  computed  coefficient  a  in  relation 
(10)  will  always  be  different  :  the  greater  the  number  of  Kmax 
amplitude  classes,  the  smaller  the  value  of  coefficient  a  . 

The  experience  in  computing  the  density  AFD  gained  by  compu¬ 
ter  processing  of  a  test  set  of  accftl erogr ams  < SCHENK  1985a)  has 
shown  that  for  the  purposes  of  routine  computations  fifty  ampli¬ 
tude  classes  <Kmax  =  30)  seem  to  be  a  sufficient  number.  For  Kmax 
<  30  ,  objective  approximation  cannot  be  ensured  in  all  cases,  on 
the  other  hand,  an  increasing  number  of  amplitude  classes,  e.g. 
Kmax  >  100  ,  demands  not  only  more  computer  time,  especially  what 
concerns  graphical  plotting  of  the  AFD,  but  also  a  chaotic  ("zig¬ 
zag")  pattern  of  the  density  AFD  in  the  range  of  its  highest 
amplitude  classes.  For  this  reason  we  recommend  using  a  maxi-  mum 
number  of  30  amplitude  classes  as  a  standard  value  of  Kmax  .  For 
this  value  we  also  defined  a  criterion  to  eliminate  automatically 
the  lowest  and  the  highest  amplitude  classes  in  approximating  the 
central  "signal"  part  of  the  AFD  (SCHENK  1985a). 


6.  AFD  GROUND  MOTION  PARAMETERS 

The  knowledge  of  the  density  and  cumulative  AFDs  enables  us 
to  establish  new  as  yet  unused  parameters  of  seismic  wave  motion. 
In  essence  it  involves  three  types  of  data  i 

i>  data  of  amplitude  character 

a.  statistically  determined  maximum  seismic  signal  ampli¬ 
tude  (  Amax(s),  Amax(ref)  >, 

b.  effective  seismic  signal  amplitudes  (  Aeff  )  and 

c .  the  total  value  of  the  root-mean-square  amplitude  of  the 
seismic  signal  (  RMS  ), 

ii>  data  on  the  energy  content  of  wave  motion 

d.  the  total  kinetic  energy  carried  by  the  seismic  signal 

<E>, 

e.  the  total  impulse  of  th#  Seismic  signal  (  IMP  ), 


Hi)  data  characterizing  the  t  iige  (dp>r  at  ion  of  the  signal 

f.  the  total  duration  -c£f  tfie  seismic  signal  (  ),  and 


g.  effective  durations  of  the  seismic  signal  'Ceff  J  . 

!n  this  part  of  the  paper  a  discussion  of  the  relation  of  these 
parameters  t.o  the  earthquake  ,magn  itude  M  ,  to  the  epicentral 
distance  R  and  to  the  mac  rose ismic  intensity  will  be  presented. 


6. 1  Statistically  determined  maximum  amplitude  of  ground  motion. 

The  density  AFD  allows  a  statistical  value  of  the  probable 
maximum  amplitude  Amax<s>  to  be  determined.  This  value  is  de¬ 
fined  by  the  occurrence  level  of  one  amp! itude  digit,  i.e,  N  *  1 . 
This  makes  Amax<s>  dependent  on  the  entire  course  of  the  densi¬ 
ty  AFD  of  the  Seismic  signal  and  it  may  be  regarded  as  a  more 
representative  value  of  the  maximum  amplitude  of  the  seismic 
signal  than  a  possible  accidental  peak  amplitude  (  Am ax  >  in  the 
record.  From  the  above  mentioned  condition  it  follows  that 

*  Amax<s>  =  /  bp  ,  <22> 

where  ap  and  bp  are  the  coefficients  of  the  density  AFD  of  the 
signal . 

N  * 
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Fig. 7.  Histogram  of  the  Np  values  in  dependence  magnitude  M. 
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From  relation  (15)  it  further  follows  that  Amax(s)  is  di¬ 
rectly  dependent  also  on  the  max imum  number  of  amplitude  classes 
Kmax  .  Since  value  Kmax  *  50  was  used  for  the  analysis  of  all 
accelerograms  of  the  five  Californian  earthquakes  mentioned  above 
we  observed  the  number  of  the  highest  amplitude  digits  between 
Amax  and  Amax(s)  that  were  el iminated  in  each  record.  The  num¬ 
ber  of  these  digits  was  denoted  by  the  symbol  Np  .  Figure  7 
presents  histograms  of  the  Np  values  in  dependence  on  the 
earthquake  magnitude  M  .  It  appears  that  in  the  majority  of  cases 
Np<*  10  ,  i.e.  of  the  total  number  of  all  the  amplitude  digits  of 
a  record,  as  a  rule  containing  a  few  thousand  amplitude  digits,  a 
maximum  of  1  X  of  values  is  eliminated.  This  relation  can  be 
considered  reasonable,  for  some  extreme  ampl Itudes- of  a  record 
are  given  by  the  time  superposition  of  two  or  more  wave  groups  in 
a  particular  site,  or  by  the  local  seismological  inhomogeneities 
of  the  site. 

If  we  compare  the  dependence  of  the  observed  peak  amplitude 
Amax  on  the  epicentral  distance  R  (Fig. 8a)  with  that  of  the 
statistical  maximum  amplitude  Amax(s)  (Fig. 8b),  we  can  readily 
find  that  the  amplitude  scatter  of  the  latter  dependence  is  ap¬ 
proximately  30  -.40  %  smaller.  Therefore,  we  believe  that  the 
values  Amax(s)  will  not  be  so  much  affected  by  the  random 
changes  of  the  local  seismogeological  conditions  in  the  site  as 
the  maximum  amplitudes  of  ground  motion  observed. 


Fig. 8a.  Dependence  of  the  Amax  value  on  the  epicentral  distance 
Ri  empty  points  -  vertical  component,  full  points  -  horizontal 
componert,  □  -  Parkfield  f*H5.5,  V  -  Borrego  Mtn.  M«6.0,  O  - 
Imperial  Valley  M«6.4,  O  -  San  Fernando  M«A.5  and  &  -  Kern 
County  M»?.2  . 


The  relation  between  the  Amax  and  Amax(s)  values  (Fig.?) 
shows  that  the  Amax(s)  amplitude  is  almost  always  smaller  than 
the  Amax  amplitude.  We  estimate  that 
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Amax(i) 


Fig. 8b.  Dependence  of  the  Amax<s>  value  on  the  epicentral 
distance  R  S  for  symbols  see  Fig. 8a. 


Amax  “  1.486  Amax(s)  -  0.567  .  <  23) 

Likewise,  the  cumulative  AFD  can  be  used  for  finding  another 
statistically  determined  maximum  amplitude  of  the  seismic  signal, 
which  is  called  the  "reference*  maximum  amplitude  Amaxtref)  and 
is  given  by  the  relation 

Amax < ref)  ™  ac  /  be  ,  (24) 


Fig. 9.  Correlation  between  the  Amax  and  the  Amax<s)  values; 

for  symbols  see  Fig. 8a. 


where  a  and  b  are  now  the  coeff  ic  i*nt  a  of  the  cumulative 
AFD  (lib).  It  is  clear  that  Amax(ref)  has  no  physical  meanino, 
nevertheless  we  believe  it  could  be  applied  in  some  strong  motion 
analysis;  for  example  as  any  maximum  possible  amplitude  or  at 
least  as  any  pilot  value  to  the  Amax(s>  amplitude. 


6.2  Effective  amplitude  of  ground  motion 

Under  the  term  effective  amplitude  we  understand  such  an 
amplitude  level  which  involves  the  required  number  of  amplitudes 
of  a  ground  motion  record  according  to  their  percentile  level  P. 

Let  us  assume  a  digital  ground  motion  record  of  a  seismic 
signal  consisting,  for  example,  of  100  digit  amplitudes  and  let 
us  try  to  find  an  effective  amplitude  Aeff  involving  98  V.  of 
all  digit  amplitudes.  The  simplest  way  would  be  to  neglect  the 
two  greatest  extreme  amplitudes  and  define  an  effective  amplitude 
as  a  value  that  has  to  be  smaller  than  the  two  greatest  ampli¬ 
tudes  and  greater  than  the  other  98  remaining  amplitudes.  It  is 
understandable  that  this  simplest  approach  would  often  be  affect¬ 
ed  by  random  superposition  of  different  wave  groups  of  ground 
motions.  Thus  if  we  apply  the  entire  signal  AFD,  we  are  not  using 
only  individual  digit  amplitudes,  excluding  seismic  noise  ampli¬ 
tudes,  but  the  whole  amplitude  content  of  the  seismic  signal. 

To  determine  the  effective  amplitude  Aeff  ,  the  cumulative 
AFD  is  used.  Me  extend  relation  <llb>  approximated  by  this  dis¬ 
tribution  up  to  the  lowest  amplitude  class  and  determine  the 
number  Nc  ,  which  gives  the  number  of  digit  amplitudes  of  the 
seismic  signal  in  that  class,  i.e.  log  Nc  =  a  c  .  The  value  Nc 
is  assumed  to  be  the  number  of  all  the  digit  amplitudes  of  the 
seismic  signal.  Then  the  effective  amplitude  Aeff  ,  which  is 
defined  by  the  percentile  level  P  f‘/.  1  of  the  occurrence  of 
amplitudes  in  the  signal,  can  be  calculated  by  the  following 
relat ion 

Aef f <P>  «  <  ac  ♦  log  P/100  >  /  bctA)  ,  (25a> 

where  ac  and  bc^A^  are  the  coefficients  of  the  cumulative  AFD 
and 

i 

P  >■  100  /  10  .  (25b) 

The  effective  amplitude  is  limited  both  from  below  by  zero  ampli¬ 
tude,  which  corresponds  to  the  P  *  0  /.  and  eliminates  all 
signal  amplitudes,  and  from  above  by  the  Amax(s)  amplitude, 
which  corresponds  to  the  P  “  100  V.  and  on  the  contrary  involves 
all  signal  amplitudes. 

Unfortunately,  the  dependence  of  Aeff  on  the  earthquake 
magnitude  M  could  not  be  estimeted  due  to  the  small  range  of  hi 
of  the  five  Californian  earthquakes.  Consequently,  the  obtained 
d*ta  allow  us  to  find  only  a  relation  between  Aeff  fern  s_a,l  and 
R  [ton]  In  th'e  form  L  J 


log  Aeff  *  q  -  k  log  R  ,  <2*> 

where  -for  the  horizontal  component 

q  =  0.07  P  -  2.36  and  k  =  G . 02  P  -  0.52  <2£a> 

and  for  the  vertical  component 

q  *  0.07  P  -  2.44  and  k  =  C.C2  P  -  0.8?  .  <26b> 

It  is  known  that  the  relations  between  the  peak  amplitudes 
Amax  of  ground  motions  and  the  values  of  macroseismic  intensi¬ 
ties  of  the  site  Is,  where  those  motions  were  recorded,  show  a 
scattering  over  two  orders  of  values  Amax  <SHEBALIN  1975,  SCHENK 
and  SCHENK0UA  1981,  SCHENK  1984)..  This  fact  is  explained  by  the 
influence  of  the  local  seismogeological  conditions  pn  the  site. 
Since  for  some  sites  ground  motion  records  can  be  directly  com¬ 
pared  to  the  observed  macroseismic  intensities  Is  ,  we  tried  to 
find  for  these  records  some  dependences  between  Aeff  by  means 
of  a  different  percentile  level  P  . 

26  such  records  were  available,  for  which  the  values  of  Aeff 
versus  Is  for  four  percentile  levels  P  =  99.5,  98,  95  and  90  V. 


- ►  t,  [ran- *4  or  rn-s*j 

Fig.lOa.  Correlation  between  the  Aeff<P>  of  horizontal  components 
and  macroseismic  intensity  Is  jfull  points  -  mean  value,  dashed 
lines  -  range  of  accelerations  recommended  for  Is  in  MSK64  Scale. 
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- -  I,  [MSC-M  or  MM-54] 

Fig. 10b.  Correlation  between  the  Aeff(P)  of  vertical  components 
and  macroseismic  intensity  Is  ;  for  symbols  see  Fig. 10a. 

were  determined  <Figs  10).  The  values  Aeff  were  compared  with 
the  acceleration  values  recommended  by  the  MSK-64  scale  for  the 
macroseismic  intensities;  the  upper  and  lower  limits  of-  the 
values  are  indicated  by  dashed  lines  in  the  graphs  of  Fig.  10.  The 
most  suitable  coincidence  of  the  mean  values  of  Aeff  <full 
points)  with  the  recommended  values  of  acceleration  for  macro¬ 
seismic  intensities  Is  belongs  to  the  percentile  level  of  90  '/. 
for  the  horizontal  component  <Fig.  10a)  and  to  95  V.  for  the 
vertical  component  (Fig.  10b).  This  finding  also  follows  from  the 
fact  that  the  amplitudes  of  horizontal  components  are  usually 
greater  than  those  of  vertical  ones. 

To  conclude  this  paragraph,  we  can  emphasize  that  correla¬ 
tions  between  the  effective  values  of  ground  motions  and  other 
parameters  (in  our  case  with  the  macroseismic  intensity)  can 
probably  give  more  reliable  relations  than  those,  which  use  the 
peak  amplitudes  directly  measured. 


6.3  Total  root-mean-square  amplitude 

In  a  few  recent  papers  (M0RTGAT  1979,  McC^WN  and  BOORE  1983) 
the  value  of  *  root-mean-square"  amplitude  RMS  of  ground  motions 
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is  introduced  to  be  a  new  qu 
vibrations.  The  RMS  ampl 
expression  < McCANN  and  BOCRE 


antity  -for  an  evaluation  of  seismic 
itude  is  defined  by  the  following 
1983) 


where  values  of  tl  and  t2  a 
those  the  signal  amplitudes 
the  RMS.  The  RMS  amplitude 
entire  seismic  signal  and,  th 
dual  time-sequential  values 
calculated  with  the  use  of  th 
density  AFD  of  the  seismic 
total  RMS  amplitude  of  the  si 


re  integration  t ime  limits  between 
A<t>  are  used  for  a  calculation  of 
s  are  variable  with  time  over  the 
erefore  it  is  clear  that  the  indivi- 
of  the  RMS  amplitudes  cannot  be 
e  AFD.  However,  the  knowledge  of  the 
signal  allows  us  to  determine  the 
gnal  in  the  form 


/■  m  _  _  m 

RMS  "j[E  Mi]/[(  I 

.  |  =  <  21  - 
limit  m  of  the  summation  i* 
for  log  N  >=  0  it  is  1  <= 


-  € 


where  =  j  10  *  J 

the  upper  limit  m  of  tt 
condition:  for  log  N  >=  I 
<0  it  is  m  <  i  <=  Kmax . 


>  Kmax  /  2  Amax  and 
defined  by  following 
<*  m  and  for  log  Ni 


A  dependence  of  the  total  RMS  amplitudes,  obtained  by  this 
process,  on  the  epicentral  distance  R  is  similar  to  that  of  .the 
Arnaxts)  <Fig.  11).  A  distinct  relation  between  the  total  RMS 


Fig.lt.  Dependence  of  the  RMS  acceleration  on  the  epicentral 
distance!  for  symbols  see  Fig. 8a. 
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- —  l«]lMl(l)[<W>] 

Fig. 12.  Dependence  of  the  RMS  acceleration  on  the  Amax(s)  values; 

■for  symbols  see  Fig. 8a. 


amplitudes  of  seismic  signals  and  their  Amax(s)  amplitudes  (Fig. 
12)  explains  the  similarity  mentioned  above  (see  Paragraph  6.1). 
Me  estimate  that 

log  RMS  *  1.048  log  Amax(s)  -  0.668  .  (29) 

It  seems  that  the  total  RMS  amplitude  could  become  one  o-f  the 
important  dynamic  parameters  o-f  seismic  ground  motions. 


6.4  Total  amount  of  the  kinetic  energy 

The  energy  the  seismic  vibrations  contains  is  one  o-f  the 
most  important  dynamic  parameters  on  which  we  depend  not  only  for 
understanding  the  energy  release  processes  within  an  earthquake 
focus  but  also  for  assessing  the  damage  caused  in  the  near  (or 
epicentral)  zone  of  the  shock.  The  total  amount  of  the  kinetic 
energy  can  be  determined  from  the  density  AFD  of  the  seismic 
signal  in  the  form 

E-f(At/ts)*l1  £  aJ  Ni  ,  (30) 
u  .  i»l 

where  A;,  are  the  amplitude  digits  of  a  seismic  vibration,  At  is 
the  sampling  interval  of  the  vibration,  X*  being  the  total  time 
duration  of  the  signal  (see  below). 

In  order  to  obtain  the  energy  values  in  standard  physical 
units  [erg  or  Joulej  ,  it  is  essential  that  the  digitized 
amplitudes  should  correspond  to  the  particle  velocity. 
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4.5  Total  impulse  of  seismic  ii5r.il 

The  next  parameter,  which  character  ires  the  amount  of  energy 
of  the  seismic  signal,  is-  its  impulse.  Since  the  impulse  corres¬ 
ponds  to  the  changes  o-f  particle  motion  in  time,  then  it  can  be 
expressed  by  the  -following  relation 

IMPv  =  r<fct/'£s>  +  -l&t  j  ,  (31) 

L  J  i=  1 

where  A  £  are  amplitudes  of  particle  velocity.  I -f  a  record  of  the 
particle  acceleration  is  available,  it  holds 

IMPa  =  IMPv  /At  ,  (32) 


6.6  Total  duration  of  ground  motion 

The  determination  of  the  duration  of  a  seismic  signal  rtji  is 
related  to  the  problem  of  its  identification  within  the  entire 
record  of  seismic  vibrations.  It  is  not  easy  to  decide  how  long 
the  signal  code  lasts,  i.e.,  to  find  the  termination  of  the 
signal  in  the  seismic  noise.  Therefore,  in  common  practice,  the 
elapsed  time  between  the  first  and  the  last  amplitude  of  a  given 
level  (e.g.  0.05  g  )  is  taken  as  a  representative  period  of  the 
duration,  referred  to  as  the  "bracketed  duration"  (BOLT  1974). 


Using  the  AFD  we  can  suggest  the  following  way  of  determin¬ 
ing  the  total  duration  of  the  seismic  signal.  Le‘  us  have  a 
cumulative  AFD,  which  was  compiled  from  ground  motion  amplitudes 
successively  pointed  out  through  the  entire  record  at  constant 
sampling  intervals  At.  It  is  evident  that  the  total  number  of 
amplitude  digits  in  the  signal  coincides  with  the  Nc  value  of 
the  lowest  amplitude  class  of  the  cumulative  AFD.  We  obtain 


\ 


N, 


10 


4  c  *  ^  c  CA) 


A/S. 


(33a) 


Then  the  total  duration  of  the  signal  is  given  in  the  form 


Ts  =  (  Nc  -  1  )  At  .  ( 33b) 

If  a  distribution  pattern  of  the  T’s  values  determined  in 
this  way  is  correlated  with  the  epicentral  distance  R  £km][»  we 
observe  their  positive  dependence  (Fig.  13)  1  the  greater  the 
epicentral  distance,  the  greater  the  total  duration  of  a  seismic 
signal.  This  fact  is  understandable  because  with  increasing  dis¬ 
tance  the  time  intervals  among  the  onsets  of  individual  types  of 
seismic  waves  <  P,  S,  surface  )  become  greater  due  to  different 
wave  velocities.  Therefore,  the  total  duration  of  a  signal  has  to 
be  longer  too.  For  R<*  30  km  this  correlation  can  be  roughly 
expressed  in  the  form 


log  *Ts  *  1.05  ±  0.59 


<  34a) 


2  i 


Fig. 13. 


- -  lug  »  [fc»] 

Dependence  of  the  T*  value  on  the  epicentral 
for  symbols  see  Fig. 8a. 


distance  Rl 


and  for  R  >  30  km 

log  Ts  -  i.l?  log  R  -  <0.71  ±  0.61)  .  <34b) 

The  dependence  between  the  total  signal  duration  Ts  and 

the  Amax(s)  amplitude  of  ground  motion  shows  an  opposite  pattern 

<Fig.  14)i  the  greater  the  signal  duration  Ts  ,  the  smaller  the 
amplitude  Amax(s).  We  estimate  that 

log 'Ts  -  <3. 19  ±  0.36)  -*  <  1.05  ±  0.04)  log  ftmax(s)  .  <35) 

This  fact  is  obvious,  because  if  the  distance  is  greater,  the  Ts 

values  are  also  greater  <Fig.  13)  and  simultaneously  the  maximum 
amplitudes  become  smaller  (Fig.  14).  The  significant  character  of 
this  dependence  evidences  that  the  attenuation  of  the  amplitudes 
of  the  signal  wave  pattern  is  more  dependent  on  the  distribution 
of  seismic  energy  into  various  kinds  of  wave  groups  and  types, 
and  on  their  expanding  space  propagation  than  on  the  actual 
decrease  of  the  energy  caused  by  the  material  properties  of  the 
geological  media. 


6.7  Effective  duration  of  ground  motion 

Likewise,  the  same  method  can  be  used  to  determine  the 
effective  "bracketed*  duration  for  different  levels  of  ampli¬ 
tudes.  Under  the  term  effective  duration  we  understand  the  sum  of 
time  periods  during  which  the  amplitudes  of  the  signal  exceed  a 
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•  1  1  r  -»i  * 

- -  i*i  «■■*(•)  i*“*  j 

F iQ .  14 .  Dependence  of  the  Ts  value  on  the  AmaxU)  value! 
•for  symbols  see  Fig. 8a. 


given  effective  amplitude  level  Aeff  .  Since  the  cumulative  AFD 
of  a  seismic  signal  is  approximated  by  relation  (lib),  the  effec¬ 
tive  amplitude  level  Aeff  determines  the  total  number  of  ampli¬ 
tudes  greater  than  Aeff  by  expression 

..  ,,  I  lft»C  ~  t>C(A>  A«ff| 


Neff 


The  effective  duration,  bracketed  by  the  Aeff  value, 


<37a> 


<  Neff  -  1 


<  37b) 


In  this  way,  the  effective  duration  *teff  for  the  Aeff  values 
given  in  absolute  units  of  ground  motions  (acceleration,  velocity 
or  displacement)  can  be  calculated.  We  analyzed  the  set  of  acce¬ 
lerograms  of  those  five  Californian  earthquakes  to  determine  the 
dependence  of  'teff  versus  the  Amax(s)  amplitudes  for  the  fol¬ 
lowing  levels  of  Aeff  i  5,  10,  20,  40,  65,  100  and  200  cm  s'*- 
(Fig.  15).  For  Aeff  ■»  0  cm  *'*■  ,  the  *Ceff  value  becomes  the  fs 
value. 


Figure  18 
dependence  ’Teff 
amplitudes  Aeff  i 


shows  the  way  the  distribution  pattern  of 
on  Amax(s)  changes  with  increasing  effective 
the  above  described  character  of  the  dependence 
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•fs  versus  Amax'(s)  gradually  assumes  (for  Aeff  *  5  cm  s’"1*  >  an 
opposite  character  (for  Aeff  =  1C  cm  s“l  >,  which  becomes  more 
pronounced  for  Aeff  '=  20  cm  s*1  .  This  change  of  the  dependence 
'teff  versus  Amax(s)  can  easily  be  explained  by  the  AFD  of  the 
seismic  signal  :  the  greater  the  value  of  Amax(s)  ,  the  higher 
the  number  of  effective  amplitudes  of  a  certain  level,  e.g.,  in 
accordance  with  <36b>,  longer  effective  duration  feff  . 


7.  CLASSIFICATION  OF  GROUND  MOTIONS  ACCORDING  TO 
MACROSEI SMI C  EFFECTS 


7.1  Significance  of  the  parameters  for  record  classification 
according  to  macroseismic  intensity 

The  parameters  described  in  Paragraph  6  were  determined  for 
the  accelerograms  of  the  Californian  earthquakes  and  statis¬ 
tically  analyzed.  The  statistical  analysis  was  performed  for 
vertical  and  horizontal  components  separately  and  for  three  mac¬ 
roseismic  classes  (Table  1.).  Each  component  was  considered  to  be 
one  object  characterized  by  a  vector  of  the  parameters. 


Table  1 

mac 

class  1 

roseismic  cl 

class  2 

.ass 

class  3 

I  >7° 

1  =  6° 

1^5° 

vertical 

component 

47 

29 

11 

horizontal 

component 

95 

58 

26 

The  multidimensional  dispersional  analysis  can  be  used  under 
the  assumption  that  inside  each  macroseismic  class  the  vectors  of 
the  parameters  are  normally  distributed  with  respect  to  the  mean 
vector  of  this  class  and  that  the  covariation  matrixes  of  the 
vectors  of  the  three  macroseismic  classes  are  equal  (AHRENS  and 
LAUTER  1981).  The  parameters  characterizing  amplitude  and  energy 
quantities  (see  Paragraphs  6.1,  6.2,  6.4,  6.3>  and  peak  amplitude 
Amax  were  taken  in  the  logarithmic  form  to  make  their  distribu¬ 
tions  inside  the  classes  closer  to  the  normal  ones. 

The  mean  values  of  the  parameters,  e.g.,  the  components  of 
the  mean  vector  together  with  their  standard  deviations,  were 
determined  separately  for  vertical  and  for  horizontal  components 
of  acceleration  (Table  2).  Applying  the  F-statistics  (AHRENS  and 
LAUTER  1981)  to  these  mean  values,  one  can  find  that  the  mean 
vectors  of  all  the  three  macroseismic  classes  differ  with  a 
confidence  level  of  0.01  .  Table  3a  contains  the  coefficients  of 
correlation  of  the  parameters  of  vertical  components,  Table  3b  of 
horizontal  components. 
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Now  we  are  going  to  estimate  the  way  each  parameter  can 
contribute  to  the  c 1  ass i f  i  c at  ion  of  vertical  and  horizontal  com¬ 
ponents  into  the  three  mac  rose  i  sm ic  classes  given  above.  The 
statistical  quantity  "distance"  D  of  each  parameter  was  introduc¬ 
ed  to  this  evaluation  (AHRENS  and  LAL'TEP  1?9*  >  ;  the  higher  the  D, 
the  more  informat ive  the  parameter  for  the  classification.  For 
example,  -the  Amax  of  vertical  and  horizontal  components  are  less 
in-fcrmative  than  Aeff (SO)  and  'tef f (  1CC>  . 

After  the  statistical  analysis  of  the  parameters,  the  pat¬ 
tern  recognition  algorithms  were  introduced  to  solve  the  inverse 
problem  :  a  classification  of  the  accelerogram,  which  is  describ¬ 
ed  by  the  25  parameters  of  each  of  its  components  according  to 
macroseismic  effects.  Me  used  the  following  algorithms  : 

i>  MAH  -  the  Mahalanobis  distance 

ii>  FACT  -  the  estimate  of  F-statistics  <  unbiased  estimate  of 
Mahalanobis  distance) 

iii)  APR  -  the  estimate  with  regards  to  “a  priori”  probabilities 
of  cl  asses 

iv)  DCOR  -  the  estimate  with  regard  to  different  covariations  in 
classes,  and 

v)  DAPR  -  the  estimate  with  regard  to  all  these  possible  dis¬ 
tinctions  between  classes. 


Table  4. 


Pattern 

Recognition 

Algorithm 

Percentage  of  Failures  in  the 
Classification 

Horizontal  1  Vertical 

Component 

I 

II 

I 

II 

FACT 

24.7 

3.1 

24.0 

2.1 

MAH 

24.2 

3.1 

25.0 

2.1 

DCOR* 

23.7 

10.3 

19.8 

33.3 

APR 

35.3 

3.1 

22.9 

2.1 

DAPR 

22.7 

10.3 

19.8 

33.3 

I  -  objects  referred  to  the  adjacent  class 
II  -  objects  referred  to  the  opposite  class 


2? 


The  inaccuracy  of  different  pattern  recognition  algorithms  ap¬ 
plied  in  the  process  of  classif icat ion  is  given  in  Table  4.  The 
Mahal  an ob is  algorithm  gives  the  most  effective  classification  for 
the  horizontal  component,  while  the  "a  priori"  probabilities 
algorithm  gives  the  most  effective  classification  for  the  verti¬ 
cal  component.  Table  4  also  shows  that  the  pattern  recognition 
algorithms  allow  us  to  classify  successfully  three  out  of  four 
acceleration  components,  the  vertical  or  horizontal  ones. 


7.2  “Destructive*  and  "Save"  records 

An  attempt  at  establishing  the  characteristics  of  the  object 
belonging  to  the  first  < I  >■  7  MSK)  and  the  third  U  <«  5  MSK) 

classes  is  made.  These  characteristics  are  determined  by  the 
CORA-3  algorithm  of  pattern  recognition  < GELFAND  et  al .  1976) . 

This  algorithm  uses  binary  vectors,  i.e.,  0  and  1,  to  detect  the 
characteristic  features  < traits)  of  vectors  in  each  of  the  two 
given  macroseismic  classes.  t.ach  parameter  is  coded  by  0  if 
higher  than  the  corresponding  thresholds  and  by  1  if  smaller  than 
this  threshold.  An  example  of  the  thresholds  for  some  more  infor¬ 
mative  parameters  of  vertical  and  horizontal  components  is  pre¬ 
sented  in  Table  5.  By  using  the  CORA-3  algorithm  eight  parameters 
were  finally  selected  as  the  most  informative  for  the  classifica¬ 
tion  of  vertical  and  horizontal  components  of  acceleration.  It  is 
also  necessary  to  point  out  that  two  horizontal  components  of  the 
same  accelerograms  create  a  single  vector  consisting  of  the  maxi¬ 
mum  values,  which  were  always  elected  from  two  values  of  the  same 
parameter.  The  advantage  of  that  approach  was  discussed  in  GVI¬ 
SHIANI  et  al .  <1987)  and  therefore  we  apply  it  too. 

The  necessary  criteria  for  a  classification  of  accelerograms 
into  the  "destructive"  class  <1  >-  7  MSK>  are  the  followings 

-  4 

A.  for  vertical  components 

1.  'feff^S)  >  8  sec, 

2.  ts  >  28.33  sec,  Aeff<80>  >  93  cm/sec4, 

3.  vAeff <80)  >  92  cm/sec*-,  RMS  <  7  cm/sec* 

4*  be(A)  <  0.01019,  Ts  <  28.33  sec,  RMS  <  7  cm/sec*-, 

8.  for  horizontal  components 

1.  Tj*f f <  10Q>  >  8  sec,  Teff<65)  >  18.63  sec, 

2.  Toff <100)  >  8  sec,  E  <  13000, 

3>  b c CA)  ^  0.0025  . 

Likewise.  to  clasify  the  accelerograms  into  the  "save"  class  <1 
■<  3  MSK),  the  following  conditions  have  to  be  satisfied! 

A.  for  vertical  components 

1.  Teff<63>  <  8  sec,  Aeff<80>  <  92  cm/sec1 ,  bee*)  >  0.01019 

2.  Tef f <63>  <  8  sec,  Aeff<80>  <  92  cm/sec* ,  Ts  >  28.53  sec 

3.  Teff<63>  <  8  sec,  RMS  >  7  cm/sec*-, 
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Table  5 


Parameter 

Vertical 

Component 

Horizontal 

Component 

ac 

3.15 

2.98 

bC(A) 

0.01019 

0.00250 

hDU) 

0.00999 

0.00210 

Amax(s) 

300 

1 146 

Amax(ref ) 

450 

1255 

Vf(80) 

92 

260 

Aeff(9°) 

150 

524 

A.ff<98) 

300 

650 

BUS 

7.0 

12.4 

E 

3500 

15000 

IMP 

1.5 

2.0 

(a) 

28.53 

38.0 

W  «5> 

8.0 

18.65 

W'oo 

4.5 

■ 

8.0 

B.  -for  horizontal  components 

1.  T:e-ff<65>  <  18.65  sec,  Teff<100>  <  8  sec ,  be(A)  >  0.0025, 

2.  Tef f <65>  <  18.65  sec ,  E  >  15000,  Amax(ref)  <  1255  cm/sec** 


8.  ATTENUATION  COEFFICIENTS  OF  THE  (GROUND  MOTIONS 

Let  us  have  a  digitized  seismic  signal,  whose  amplitude 
envelope  is  attenuated  exponentially  according  to  relation  (3>. 
Unlike  the  -formerly  used  AFDs ,  i.e.  a  distribution  with  a  cons¬ 
tant  amplitude  class,  for  calculating  the  attenuation  of  the 
seismic  vibrations  it  has  proved  more  effective  to  select  nonli¬ 
near  amplitude  distribution  so  that  for  the  limits  of  the  i-th 
amplitude  class  it  should  hold 


Aj,  - 

Amax 

exp  <-  n 

ti  > 

( 37a> 

and 

^VM  ** 

Amax 

exp  <-  fl 

tiVi  > 

<37b> , 

where 

t  vM 

Mi  •  t 

is  the 

constant 

time,  during  which 

the 

signal 

will 

be  attenuated 

from 

ampl 1 tude 

A  v  to  ampl itude 

^  • 

From 

these 

relations  it 

follows  that  contrary  to  the 

previous 

practices,  indexes  i  in  .amplitude  classes  will  be  numbered  in 
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si  anal 


noise 


the  upward  order,  beginning  with  the  class  o-f  a  maximum  amplitude 
and  ending  with  the  class  of  amplitudes  close  above  the  boundary 
of  seismic  noise.  Inserting  relation  <3?>  into  <3>,  we  get 

X  »  <  in  AvV4  -  In  Ai  >  /  (i  •  <38> 

The  number  o-f  amplitude  samples  in  the  i-th  class  in  then  given 
by  <Fig. 16) 

N;  -  t'/At  -  in  <A  v*|  /Ai,  >  /  (1  A  t  ,  <  3?) 

where  A  t  is  the  constant  sampling  interval.  Relation  <39>  makes 
it  evident  that  with  a  constant  ratio  of  the  boundary  amplitudes 
of  the  new-created  amplitude  nonlinear  AFD,  the  number  of  samples 
in  these  classes  will  be  constant  and  in  indirect  proportion  to 
the  attenuation  coef -Fie  lent-  of  the  seismic  signal. 

As  pointed  out  above,  relation  <39>  is  valid  under  the 
assumption  that  all  signal  samples  belong  to  the  exponentially 
attenuated  envelope  of  amplitudes  <3>.  This  assumption  is  obvi¬ 
ously  not  satisfied  since,  in  addition  to  the  samples  on  the 
envelope  or  in  its  close  aproximity,  the  signal  also  comprises 
the  samples  lying  below  the  envelope  and  constituting  the  ’con- 
tint"  of  the* signal.  If,  however,  the  signal  is  a  periodical  one, 
we  can  show  that  the  envelope  can  not  be  approximated  by  the 
signal  extremes  but  also  by  any  other  samples  within  one  period 
range.  Relation  <39>  will  also  hold  for  this  envelope,  only  the 
absolute  amplitude  of  the  signal  will  be  lower,  It  means  that  for 
each  class  the  contributions  of  the  lower  envelopes  will  be 
constant  too,  but  in  accordance  with  the  conditions  given  by 
relations  <37),  it  will  become  manifest  only  in  the  higher  class¬ 
es.  From  all  the  above  stated  facts  it  thus  ensues  that  for  the 
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Pig.  17.  Approx  imat  ion  of  &  real  Signal  by  the  relation  <41> 


periodical  signal,  wAich  is  attenuated  according  to  the  exponen¬ 
tial  law  (3>,  we  can  write 

(l  -  in  <  /  Ai  >  /  Ot  .  <41> 

This  relation  can  already  be  used  for  digitized  seismic  Signals 
to  determine  attenuation  coefficient. 

Due  to  the  fact  that  the  new  logarithmic  AFD  is  not  ter¬ 
minated  in  higher  amplitude  classes  because  the  amplitudes  that 
belong  to  them  continuously  in  pass  into  seismic  noise  ampli¬ 
tudes,  in  determining  the  coef  f  ic  ients(Jof  real  seismic  records, 
it  is  necessary  to  define  the  maximum  value  of  index  i  .  This 
index  is  determined  from  relation  <37b>  in  such  a  way  as  to 
exclude  the  classes  containing  seismic  noise  amplitudes  from 
processing.  The  nonlinear  logarithmic  AFD  is  then  unambiguously 
defined  by  index  . 


In  order  to  determine  the’value  of  the  occurrence  frequency 
of  amplitudes  in  the  particular  logarithmic  amplitude  classes,  in 
the  set  of  N  values  we  approximate  by  the  least-square  method 
the  function 

N<i>  =  al  exp  2  <  a2  i  -  a3  )  ,  <42> 

the  value  of  the  curve  maximum  being  considered  the  limit  <40). 
In  analytically  defined  signals,  also  other  approximations  were 
tested  to  determine  the  limit  <40)5  in  the  end,  relation  (41) 
proved  to  be  the  most  convenient.  Figure  17  is  an  example  of  such 
an  approximation  in  a  real  signal  in  order  to  determine  the 
coefficient  by  the  above-mentioned  methodology. 

The  calculation  of  the  quality  factor  Q  ,  which  character¬ 
izes  the  attenuation  properties  of  a  rock  medium,  is  given  by  the 
rel at  ion 

Q  *  T  f  /  (%  ,  < 43) 

where  f  is  the  predominat  frequency  of  the  seismic  signal.  It 
is  obvious  that  this  relation  has  a  correct  validity  for  the 
signal  of  harmonic  wave  motion,  for  real  seismic  signals  its 
validity  is  only  approximate.  Frequency  f  can  be  determined  by 
means  of  the  Fourier  spectrum  or  from  the  frequency  distribution 
of  the  signal  half-periods  (SCHENK  1987).  The  latter  method  is 
based  on  the  same  principle  as  the  determination  of  the  AFD . 


9.  CONCLUSION 

An  analysis  of  a  seismic  record  in  the  amplitude  domain  does 
not  only  enable  us  to  obtain  new  parameters  characterizing 
seismic  vibration,  but  also  contributes  to  the  classification  of 
seismic  wave  motion.  The  introduction  of  this  analysis  to  routine 
seismic  in terpretat ion  procedures  together  with  the  analysis  of 
waves  in  the  time  and  frequency  domains  extend  the  present 
possibilities  of  studying  dynamic  parameters  and  contributes  to 
their  more  objective  and  more'  general  evaluation. 

These  new-defined  dynamic  parameters  can  be  expected  to  find 
a  wide  application  in  the  methods  of  earthquake  engineering,  in 
particular  the  values  of  the  statistically  determined  maximum 
amplitude,  of  the  effective  amplitudes  and  durations  of  the 
seismic  signal.  A  treatment  of  the  records  in  the  amplitude 
domain  has  revealed  that  some  parameters  change  with  the  earth¬ 
quake  magnitude  or  with  the  epicentral  distance  as  opposed  to 
some  that  remain  invariant.  The  knowledge  of  the  parameters  in 
the  near-field  of  the  earthquake,  together  with  the  known  depen¬ 
dences  of  the  ampl itude-f requency  distributions  and  of  spectra  of 
seismic  waves,  contribute  to  classifying  strong  ground  motions 
recorded  up  to  now  and  to  selecting  more  objectively  analogous 
motions  (accelerograms,  etc.)  that  express  the  seismic  hazard  in 
a  form  suitable  for  the  design  of  earthquake  resistant  struc¬ 
tures. 
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THIRTEENTH  EUROPEAN  SEMINAR  OK  EARTHQUAKE  ENGINEERING 


GEOLOGICAL  FAULTS  AND  EARTHQUAKE  CODES 

INTRODUCTION 


It  is  accepted  that  earthquakes  take  place  on  faults  but  not  on  all  faults 
with  equal  likelihood*  Whether  or  not,  In  a  particular  setting,  a  known 
fault  contributes  significantly  to  the  seismic  hazard  is  a  natter  of  prise 
concern  in  engineering  seismology  and  a  theme  of  much  current  research* 
With  the  increasing  capability  of  numerical  hazard  modelling,  especially 
when  a  logic  tree  formulation  is  adopted,  there  is  an  increasing  tendency, 
if  not  a  temptation,  to  model  faults  sources  explicitly  even  where  the 
assignation  of  the  necessary  parameters  to  them  is  little  more  than 
constrained  guesswork. 

It  is  not  surprising  therefore  to  see  in  recent  'general'  earthquake  codes 
(viz  Draft,  ISO/DIS  3010*2)  and  EC8  reference  being  made  to  'active' 
faults  and  the  restictions  on  the  siting  of  Important  buildings  which 
their  proven  presence  Imposes. 

In  many  regions  crustal  faults  are  ublqutous  so  that  the  mean  distance  to 
the  outcrop  may  be  small  (<1  km).  The  chance  of  siting  away  from  a  fault 
is  therefore  small  for  a  major  construction  project  or  urban  development. 

The  significance  of  faults  so  labelled  'active'  is  well  established  when 
it  comes  to  the  siting  of  NPP's  dams,  LNG  facilities  (see  Meehan  1984)  but 
the  incursion  of  the  category  into  general  earthquake  codes  has  wide 
ranging  implications  and  warrants  a  brief  review  of  the  concept  of 
'ectlvlty',  how  it  can  be  recognised  and  what  impact  on  a  hazard 
calculations  such  recognition  may  have. 

The  lecture  will  review  the  extent  to  which  'faults'  as  such  are  dealt 
with  or  referred  to  in  genral  earthquake  codes  and  a  number  of  specialised 
regulatory  documents.  The  'scientific*  basis  of  a  rational  concept  of 
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'activity'  vl 11  be  discussed,  leading  to  a  aat  of  'pointers'  aiding 
daciaiona  regarding  the  incorpratlon  of  faulta  in  hazard  calculations. 
Secant  advances  in  geological  techniques  for  the  dating  of  'last  movement ' 
will  be  referred  to.  Attention  will  be  drawn  to  some  fundamental 
limitation*  in  the  extent  to  which  a  full  picture  of  fault  activity  can  be 
developed'. 

2  CURRENT  CODE  AMD  REGULATORY  POSITION 

Of  the  34  earthquake  codes  collected  in  the  World  List  (1984)  only  a 
handful  specifically  refer  to  faults,  usually  in  very  general  terms 
recommending  that  active  ones  be  avoided.  The  Draft  Eurocode  8  goes 
further  in  that  it  requires  that  "buildings  belonging  to  classes  1  and  II 
according  to  section  15,31  should  not  be  built  within  ?  a  from  a  distance 
of  potantialy  active  fault  (to  be  specified  by  the  competent  national 
authority)". 

The  issue  is  also  touched  upon  in  regulations  in  Italy  (Seismic  act  p  64 
1974  and  p  741  1981)  and  California.  It  is  however  from  the  power 
industry  with  its  large  dams,  nuclear  facilities,  LUG  storage,  that  the 
most  detailed  guidance  has  emanated. 

Faults  have  been  seen  as  having  the  potential  for  surface  rupture  as  well 
as  constituting  sites  for  earthquakes  and  so  affecting  the  shaking  hazard. 
The  most  influential  document  has  been  the  United  States  Nuclear 
Regulatory  Commission's  Rules  and  Regulations  part  100.  Reactor  Site 
Criteria  HURSG  100  A  and  the  derivative  but  not  entirely  identical 
International  Atonic  Energy  Agency  Safety  Guide  no  50-SG-S1  1979.  The 

V 

subject  is  also  touched  upon  in  the  American  national  Standard  Criteria 
and  Guidelines  for  Assetsing  Capability  for  Surface  Faulting  at  Nuclear 
Power  Station  Sites  (1982)  and  the  Draft  International  Standards 
Organisation's  DIS  6258-Nudear  Power  Plants~Design  against  seismic 
hasards  1983.  Although  the  nuclear  industry  has  bean  to  the  fore  front  in 
these  natters  other  agencies  have  bean  drawn  in. 

The  formal  and  detailed  listing  of  criteria  which  label  a  fault  as 
'capable'  in  the  USNRC  sense,  that  is,  capable  of  rupturing  at  the 
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surface  (lmplicity  a  co-selsmic  rupture)  were  developed  with  the  US  Heat 
Coast  settings  in  mind  and  have  been  subject  to  critical  appraisal  since 
the  late  70 's  (Minogue  1979,  EPRI  1986).  The  limitations  of  the  USNRC 
approach  from  a  'scientific’  point  of  view  will  be  considered  later. 

In  Japan,  for  nuclear  installations,  faults  are  classified  according  to 
deformation  rates  and  on  this  basis  participate  in  a  seismotectonic 
(deterministic)  hazard  calculation. 

This  lecture  will  not  go  into  details  as  to  the  calculation  procedures 
prescribed  In  the  foregoing  guides  but  will  concentrate  upon  the  problem 
of  defining  and  identifying  'activity'. 

It  is  instructive  however  to  examine  store  closely  the  provisions  of  the 
various  regulations  in  order  to  uncover  any  consistent  basis  for  the 
criteria  adopted. 

USKB.C  KUREG  100  A 

The  full  designation  of  this  influential  document  is: 

Title  10  Chapter  1,  Code  of  Federal  Regulations-Energy 
Reactor  Site  Criteria 
Part  100 

The  date  of  the  text  use  in  the  following  discussion  is  May  31  1984/ 

Appendix  A  entitled  'Seismic  and  Geologic  Siting  Criteria  for  Nuclear 
Power  Plants'.  It  consists  of  six  sections:  ' 

I  Purpose 

II  Scope 

III  Definitions 

-  IV  Required  Investigations 

V  Seismic  and  Geologic  Design  Bases 

VI  Application  to  Engineering  Design 
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In  Section  111  dealing  with  Definitions  subsection*  (*)  to  (k)  appertain 
to  faults: 

(*)  A  'fault'  is  a  tectonic  structure  along  with  differential  slippage  of 
the  adjacent  earth  materials  has  occurred  parallel  to  the  fracture  plane, 
it  is  distinct  from  other  types  of  ground  disruption  such  as  landslides, 
if  fissures  and  craters.  A  fault  may  haw*  gauge  or  breccia  between  its 
two  walls  and  includes  any  associated  aonoclinal  flexure  or  other  similar 
geologic  structural  feature. 

$ 

(f)  'Surface  faulting'  is  diffemetial  ground  displacement  at  or  near  the 
surface  caused  directly  by  fault  movement  and  is  distinct  from  non 
tectonic  types  of  grund  dlscruptions  such  as  landsides  fissures  and 
craters. 

(g)  A  'capable  fault'  is  a  fault  which  has  exhibited  one  or  more  of  the 
following  characteristics: 

1)  Movement  at  or  near  the  ground  surface  at  lease  once  within  the 
past  35000  years  or  movement  of  a  recurring  nature  with  the  past 
500000  years . 

2)  Macro-seismicity  instrument ally  determined  with  records  of 
sufficient  precision  'to  demonstrate  a  direct  relationship  with 
the  fault. 

3)  A  structural  relationship  to  a  capable  fault  according  to  the 
characteristics  (1)  or  (2)  of  this  paragraph  such  that  a 
movement  on  one  could  reasonably  be  expected  to  be  accompanied 
by  a  movement  on  the  other. 

In  some  cases  the  geologic  evidence  of  past  activity  at  or  near  the  ground 
surface  along  a  particular  fault  may  be  obscured  at  a  particular  site, 
the  might  occur,  for  example,  at  a  site  having  a  deep  overburden.  For 
these  cases  evidence  may  exist  elsewhere  along  the  fault  from  which  an 
evaluation  of  its  characteristics  in  the  vicinity  of  the  site  can 
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reasonably  be  based*  Such  evidence  shall  be  used  in  determining  whether 
the  fault  is  a  capable  fault  within  this  definition* 

Notwithstanding  the  foregoing  paragraphs  II  (g)  (1),  (2)  and  (3), 
structural  association  of  a  fault  with  geologic  features  which  are 
geologically  old  (at  least  pre-Quatemary)  such  as  aany  of  those  found  in 
the  Eastern  region  of  the  United  States  shall,  in  the  absence  of 
conflicting  evidence  deoaonstrate  that  the  fault  is  not  capable  within 
this  definition. 

(k)  The  'control  width'  of  a  fault  is  the  aaxiaua  width  of  the  zone 
containing  all  faults  which  can  be  inferred  to  have  experienced 
differential  aoveaent  during  Quaternary  tines  and  which  join  or  can 
reasonably  be  Inferred  to  join  the  aain  fault  trace  aeasured  within  ten 
alles  along  the  fault  trend  In  both  directions  froa  the  point  of  nearest 
approach  to  the  site  (see  Pig  1  of  this  Appendix). 

Section  IV  of  the  regulations  goes  on  to  give  in  detail  the  required 
investigation  for  surface  faults  and  calls  for  deteralnatlon  of  the 
capability  or  otherwise  of  all  faults  over  1000  ft  any  part  of  which  is 
within  5  alles  of  the  site*  A  Table  1  (of  Appendix  A  in  the  NDKEG)  gives 
a  alnlaua  length  of  fault  versus  distance  which  is  to  be  considered  for 
possible  capability. 

It  calls  for  the  listing  of  all  historical  earthquakes  which  can 
reasonably  be  associated  with  capable  faults  greater  than  1000  ft  long  any 
part  of  which  is  within  5  alles  of  the  site  together  with  date  of 
occurrence  aagnltude  intensity  and  a  plot  of  epicentral  region*  For  such 
faults  the  epicentres  are  to  be  correlated  with  capable  faults  over 
1000  ft  long  any  part  of  which  is  within  5  alias  of  the  site.  In 
considering  these  saall  fault  within  5  alia  froa  the  site  the  lenght,  the 
relationship  to  regional  tectonics,  the  history  nature  and  especially 
Quaternary  aoveaent  associated  with  any  one  earthquake  has  to  be  estlaated. 

Section  V  part  b  deals  with  the  deteralnatlon  of  th  need  to  design  for 
surface  faulting  and  lays  down  the  distances  to  be  closely  investigated  as 
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function  of  the  eo  celled  control  width  of  e  fault  expreseed  at  multiplier 
tinea  the  control  width  depending  on  the  largeat  potential  earthquake 
which  can  be  associated  wlthn  the  fault.  For  a  magnitude  between  5,5  and 
6,4  the  width  of  sons  requiring  detailed  fault  investigation  ia  twice  the 
control  width  as  described  in  a  Figure  1  of  the  (HUREG)  document. 

Section  VI  treats  the  application  to  engineering  design  and  where  a  power 
plant  is  to  be  located  within  the  zone  requiring  detailed  investigation 
end  requires  extensive  data  to  justify  an  approach  not  expllcity  taking 
surface  displacement  into  account. 

It  is  clear  that  all  faults  greater  than  1000  ft  long  near  the  site  have 
to  be  closely  examined  and  their  date  of  last  novenent  established.  There 
are  however  no  guides  as  to  what  could  he  construed  as  a  'reasonable 
association'  of  an  epicentre  with  a  fault. 

There  would  also  appear  to  he  room  for  interpretation  of  II  g  (3)  in 
geologically  old  areas.  The  regulations  are  however  hacked  up  by  the 
USffitC  Standard  Review  Flan  which  calls  for  'redundant  methods  and 
techniques'  to  be  used  in  demonstrating  non  capability  and  emphasises  that 
no  plant  has  ever  been  built  on  a  capable  fault  and  that  is  is  doubtful  if 
one  can  design  for  surface  or  near  surface  displacement. 

From  the  exegesis  given  above  it  is  clear  that  the  designation  'capable' 
refers  specifically  to  the  likelihood  of  ground  surface  rupture  and 
although  not  explicitly  defined  it  is  implied  that  the  ground  movement  of 
concern  is  what  is  generally  called  ' co~selsmlc ' • 

AE8I-AM8  2.7  1982  Crltetla  and  Guidelines  for  Assessing  Capability  for 
Surface  Faulting  at  Buclear  Power  Plant  Sites 

This  document  is  really  USHRC  100 A  presented  in  the  style  an  American 
Rational  Standard.  It  does  however  give  a  definition  :  "A  capable  fault 
as  used  in  these  guidelines  is  one  capable  of  surface  rupture  but  which 
may  or  may  not  generate  an  earthquake*.  It  then  usee  as  its  primary 
criteria  those  same  ones  presented  la  100A. 
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Fault  la  defined  as  a,  rupture  or  zone  of  rock  fracture  along  which  there 
has  been  displaceaent  Included  are  growth  faults,  excluded  are  the  effects 
of  surface  processes.  It  nay  be  noted  that  a  seismic  displacement  is  now 
recognised.  < 

The  standard  goes  on  to  define  the  usage  of  'may*  'should*  and  'shall* 
according  to  the  usual  code  conventions  and  then  lists  the  procedures 
which  may  be  followed  in  order  to  establish  whether  or  not  a  fault  is  to 
be  regarded  as  'capable*. 

Other  reference  to  surface  faults  in  OS  regulatory  practice  are  listed  by 
Bonilla  (1982)  and  reproduced  here  as  Table  1. 

Draft  International  Standard  ISO/DIS  6258  1983;  Nuclear  power  plants  delsgn 
against  seismic  hazards. 

This  document  presents  an  extensive  set  of  definitions  and  those  of 
particular  relevance  are  as  follows: 

2.1.10  inactive  fault:  A  fault  showing  no  signs  of  recent  geological 
movement  or  of  significant  seismic  activity. 

2.1.11  active  fault:  A  fault  presenting  any  proper  significant 
seismic  activity  or  any  potential  of  proper  seismic  activity 
whether  or  not  existence  of  recent  geologic  movement  related 
to  it  can  be  proven. 

2.1.12  capable  fault  (fault  capable  of  seismic  activity):  A  fault 
which  has  significant  potential  for  relative  displacement  at 
or  naar  the  ground  surface. 

2.1.13  surface  faulting:  The  cracks  or  off-sets  on  the  ground 
surface  caused  by  the  movement  of  a  fault  at  or  beneath  the 
ground  surface. 

2.1.18  earthquake  prone  structure:  geologic  structures  likely  to 
bring  about  eathquakes. 


(Provisional  opertion  from  Octobgr  1981) 

Faults  antar  the  French  methodology  as  'seisaogenic  accidents'  defined  as 
a  'fault  raaulting  in  one  or  more  earth  tremors'  •  It  is  recognised  tht 
such  faults  are  rare  outside  active  areas  and  the  tern  is  regarded  as 
synomomous  with  the  'capable  fault'  of  international  uaaga.  An  elaborate 
sat  of  diagnostics  is  not  included  in  the  regulations. 

The  Japanese  Appoach 

In  the  estimate  of  hazard  for  nuclear  facilities  the  Japanese  recognise 
two  '  main  cateogrlea  of  faults;  those  generating  the  eartee  deisgn 
earthquake  and  those  generating  the  extreme  design  earthquake. 

The  first  category  is  further  subdivided  into  faults  with  a  historical 
record  of  earthquakes.  Class  A  faults  with  evidence  of  movement  in  the 
past  10,000  years  or  associated  event  with  a  return  period  of  less  than 
10,000  years  and  faults  with  significant  mlcrotremor  activity. 

The  second  cateogory  is  divided  into  first  faults  of  class  A  and  second, 
faults  of  classes  B  and  C  having  svidence  of  movement  within  the  last 
50,000  years  or  associated  events  with  s  return  period  of  less  than  50,000 

years. 

The  classification  of  fault  activity,  following  Matsuda  (1975)  is  based  on 
geomorphologleal  criteria  reduced  to  deformation  ratea: 

Deformation  rate  K/yr 


Class  A 
Class  B 
Class  B 


1.0 

0.1 

0.1 
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CLASSIFICATION  0?  FAULT  ACTIVITT-non  regulatory  sources 

From  the  foregoing  discussion  it  is  evident  that  clear  scientific 
framework  is  not  explicit  in  regulartory  provisions  or  criteria'  although 
the  recognition  of  the  concept  of  what  nay  be  called  the  Current  Tectonic 
Regime  (CTR)  can  he  discerned  in  soae  approaches. 

The  general  literature  does  contain  a  nuaber  of  helpful  classification 
schemes,  Aabraseys  and  Jackson  1984  recognise  faults  which  are;  'Active* , 
'Potentially  Active',  of  'Uncertain  Activity'  and  'Inactive'  based  upon 
aalnly  geological  evidence  or  lack  or  evidence  for  recent  movement  •  They 
properly  draw  attention  to  the  need  to  appreciate  the  uncertainty  of 
earthquake  location  before  using  seisaological  data  to  label  a  fault  as 
active.  The  Sub-Committee  on  European  Earthquake  Geotechnical  problems  of 
the  International  Society  of  Soil  Mechanics  and  Foundation  Engineering  has 
suggested  that  faults  aay  divided  lnto:- 

a)  Seismogenic  (rare)  with  recent  movements 

b)  Only  recent  movements 

c)  No  movements  in  neotectonic  epoch 

Recently  there  has  been  increasing  awareness  that  logic  tree  formulation 
enables  subjective  judgements  on  activity  of  a  particular  feature  to  be 
rationally  handled  within  a  probabilistic  hasard  model.  A  notable  advance 
has  been  made  in  the  EPRI  NP-4726  report  'seismic  Hazard  Methodology  for 
the  Eastern  United  States  (1966).  In  this  report  a  'candidate  tectonic 
features'  which  may  be  seismic  sources  are  pinpointed  by  a  suite  of 
experts  having  regard  to  a  diversity  of  'tectonic  hypotheses'  (Table  2) 
with  the  constraint  that  they  be  judged  capable  of  sustaining  a  moderate 
to  large  earthquake.  A  tectonic  feature  is  defined  as  a  "large  scale 
geologic  structure  or  element  of  the  earth’s  crust,  perhaps  manifested 
only  as  a  geophysical  anomaly".  In  this  sense  a  candidate  feature,  for 
the  purposes  of  hazard  modelling,  may  not  be  a  specific  fault.  It  has  to 
be  recognised  that  although  every  earthquake  is  on  a  fault  until  the 
location  and  status  of  a  potential  source  can  be  identified  the  expedient 
of  a  'area'  source  has  to  be  maintained.  The  EPRI  procedure  follows  the 


routs  of  developing  set rice*  (which  refer  specifically  to  eastern  USA) 
relating  to  various  characteristics  -  spatial  association  of  the  feature 
with  seismicity,  geometry  of  the  feature  relative  to  stress  orientation 
and  or  sense  of  slip,  date  of  last  brittle  slip  movement  on  the  feature, 
(see  Fig  1). 

From  these  matrices  the  probability  chat  any  one  of  them  or  any 
combination  participates  in  a  hazard  model  is  quantified.  Thereafter  the 
appropriate  seismotectonie  parameters  have  to  be  selected  end  logic  tree 
formuletion  permits  a  distribution  of  each  parameter  to  be  incorporated. 

Embedded  in  these  procedures  are  the  judgements  of  experts  which  permit 
the  compilation  of  the  matrices. 

4  WHAT  IS  AH  ACTIVE  FAPLT? 

An  'active  fault'  is  most  sensibly  defined  as  a  fault  which  has  acted  as 
the  locus  of  movement  within  the  duration  of  the  (CTR). 

Geological  studies  from  many  different  tectonic  regions  have  shown  that 
once  a  fault  has  move  it  tends  to  be  the  locus  of  continuing  movement 
within  the  same  tectonic  regime.  (Schwarts  and  Coppersmith,  1984).  it  is 
also  revealed  by  the  numerous  individual  displacements  that  are  required 
to  explain  the  offset  of  large  faults.  The  phenomenon  of  earthquake 
recurrence  demonstrates  that  a  fault  provides  a  preferred  sone  on  which 
strain  energy  is  repeatedly  releesed.  The  period  from  one  significant 
fault  movement  until  its  recurrence  was  termed  by  Reid  (1910)  the  'Seismic 
Cycle' . 

It  follows  from  the  definition  given  above  that  the  geological  time-scale 
over  which  observations  must  be  collected  to  prove  or  disprove  fault 
activity  is  that  over  which  the  current  tectonic  regime  (CTR)  has  been  in 
existence. 

Theoretically,  the  CTR  can  be  considered  es  being  defined  by  the  boundary 
conditions  of  deformation  existing  arund  a  given  volume  of  crust  or 
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lithosphere*  The  base  of  this  volume  can  be  considered  to  be  at  the  level 
where  brittle  behaviour  ceases,  either  in  the  lower  crust  or  at  the  base 
of  the  lithosphere*  Laterally,  the  volume  should  ideally  span  between 
tectonic  plate  boundaries*  However,  as  a  result  of  intraplate  deformation 
and  the  fact  that  coherent  conditions  in  reality  do  not  exist  throughout 
an  individual  plate,  it  is  preferable  to  consider  a  sub-plate  scale*  In 
any  case,  the  boundary  conditions  cannot  be  measured  directly  and  Instead 
the  determination  of  the  CTR  must  be  based  on  the  manfestatlons  of 
deformation  within  the  volume,  most  importantly  from  observations  of 
Internal  stress  and  strain.  By  definition,  the  CTR  has  been  in  operation 
for  as  long  as  the  current  configuration  of  required  stress  and  strain  has 
existed.  There  is  no  a  priori  definition  for  this  period,  and  it  must  be 
estimated  by  careful  analysis  of  local  geological  and  tectonic  data. 

One  important  measure  of  strain  within  a  region  is  provided  by  fault 
movement  and  as  the  recurrence  of  Individual  fault  movements  (and  the 
concept  of  characteristic  earthquakes)  suggests  cyclic  behaviour,  implicit 
in  any  understanding  of  the  duration  of  a  CTR  is  the  need  to  assess  the 
period  of  this  cycle. 

The  'Average  Seismic  Cycle'  (ASC)  of  many  faults  in  a  crustal  province  of 
consistent  strain,  is  the  minimum  period  over  which  observations  would 
have  to  be  collected  to  ensure  that  a  complete  pattern  of  earthquakes  had 
been  recorded.  The  duration  of  its  individual  seismic  cycle  defines  the 
history  over  which  an  individual  fault  shold  strictly  be  studied  in  order 
to  decide  whether  it  is  or  is  not  active  within  the  CTR*  In  practice 
however  it  may  be  necessary  to  use  the  ASC. 

Thus  the  study  of  active  faulting  in  any  particular  region  must  address  a 
time  period  which  is  longer  than  the  average  seismic  cycle  (ASC)  yet 
within  the  duraction  of  the  current  tectonic  regime  (CTR).  As,  In 
general,  the  duration  of  the  ASC  is  difficult  to  determine  and  as 
observations  of  earthquake  recurrence  suggest  a  range  of  earthquake  return 
periods  for  the  same  fault,  the  ASC  should  not  be  relied  upon  to  better 
than  an  order  of  magnitude  even  where  its  duration  can  be  quantified.  In 
practice,  the  duration  of  the  CTR  is  more  robust,  more  reliable  and, 
particularly  in  Intraplate  ar.as,  always  to  be  preferred. 
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The  ’Extinct1  fault-an  Ideal  scientific  definition. 


Fwilcs  that  heve  not  been  active  In  the  CTR  are  effectively  ' extinct ' • 

Extinct  faults  were  active  in  some  previous  tectonic  reglae,  but  as  they 
are  not  zones  of  aoveaent  within  the  current  tectonic  regime,  their 
presence  is  of  no  consequence*  In  the  case  of  heeled  faults,  their 
constituent  mineralogy  wakes  then  mechanically  continuous  with  the  rocks 
they  displace*  Whilst  they  are  currently  frozen  or  immobilised  this  does 
not  discount  the  possibility  that,  in  some  future  tectonic  regime,  these 
faults  could  become  reactivated* 

There  are  two  important  circumstances  in  which  a  fault  nay  move  without 
precedent  in  the  CTR.  (H.B.  a  fault  is  not,  until  it  moves,  an  'active' 
fault).  Because  such  circumstances  undermine  the  philosophy  of  using  past 
data  to  evaluate  future  hazard  levels  they  must  be  considered: 

1  The  ASC  has  not  not  been  completed  within  the  duration  of  the  CTR,  in 
low  strain  regions  where  the  A SC  would  be  of  extremely  long  duration 
(intraplate  areas)  and  the  plate  tectonic  boundary  conditions  could 
alter  before  the  seismic  cycle  is  complete,  and  in  a  region  where 
there  are  very  rapid  changes  in  tectonics  reglae  precluding  a  full 
development  of  earthquakes  on  individual  faults* 

The  best  demonstration  that  the  CTR  has  prevailed  for  a  period  which 
is  longer  than  the  duration  of  the  ASC  is  provided  by  evidence  that 
currently  active  faults  have  experienced  multiple  movements  within 
the  CTR. 

2  Internal  deformation  is  not  steady-state,  but  shows  evolutionary 
properties.  The  simple  seismic  cycle  model  of  the  replication  and 
recurrence  of  fault  movements  can  only  be  en  approximation  because 
eech  feult  aoveaent  changes  the  state  of  the  crust.  When  such 
changes  feedback  sufficiently  to  modify  the  configuration  of 
faulting,  evolutionary  rather  than  cyclical  tectonics  is  manifest* 


There  is  also  the  question  of  the  creation  of  new  faults.  Evidence 
from  many  tectonic  and  experimental  studies,  however,  suggest  that 
deformation  everywhere  involves  the  preferential  reactivation '  of 
existing  crustal  faults,  except  when  the  crust  is  suffering  severe 
deformation,  in  particular  around  plate  boundaries. 

Problems  in  labelling  fault  as  'active1 

As  discussed  above,  an  active  fault  can  only  be  discriminated  by 
evidence  of  movement  within  the  CTR.  Such  evidence  exists  In  two 
distinct  forms:  surface  displacement  and  seismicity.  It  is  important 
to  recognise  that  an  'active*  fault  defined  by  movement  observed  from 
geological  data  is  not  always  homologous  with  an  'active'  fault 
defined  by  movement  observed  from  seismological  data. 

Selsmological  evidence  for  fault  activity 

As  any  sudden  episode  of  fault-rupture  generates  a  seismic  event, 
where  an  earthquake  can  be  proved  to  have  originated  along  a  fault, 
that  fault  is  deemed  to  be  active. 

However,  the  subsurface  location  of  both  earthquakes  and  faults 
presents  great  difficulties.  No  general  formula  can  be  propsed  by 
which  the  elements  of  a  proof  of  association  and  hence  of  fault 
activity,  can  be  quantified.  It  is  necessary  to  assess  the  nature  of 
the  available  data. 

The  most  important  parameters  to  consider  are: 

1)  the  accuracy  with  which  the  fault  Itself  can  be  located. 

ii)  the  accuracy  with  which  the  earthquake  hypocentre  can  be  located. 

ill)  the  size  of  the  rupture  area  (and  hence  the  likelihood  that  the 
earthquake  must  have  occurred  along  a  significant  fault). 


It)  the  selsmologieal  evidence  concerning  the  orientation  of  the 
causative  fault  and  its  style  of  movement. 

The  parameters  are  now  considered  In  turn. 

Only  for  a  well-mapped  crustal  fault,  of  known  hade,  can  the 
subsurface  fault  location  be  determined  with  accuracy.  For  many 
crustal  faults  there  exists  an  Inevitable  Imprecision  in  mapping 
their  subsurface  course,  must  particularly  where  crustal  structure  is 
complex. 

The  precision  with  which  an  earthquake  main  seismic  hypocentre  can  be 
located  reflects  the  availability  of  local  data,  and  at  Its  best  Is 
rarely  better  than  5.0  km. 

It  is,  therefore,  very  rarely  possible  from  macroselsuic  evidence 
alone  to  gain  sufficient  precision  to  confidently  attribute  an 
earthquake  to  a  known  fault. 

For  instrumentally  determined  hypocentres  unkown  crustal  velocities 
prevent  the  accuate  location  of  events  for  any  circumstance  except 
that  in  which  the  event  is  surrounded  by  nearby  seismic  recorders. 
Even  with  a  local  network,  precision  is  ultimately  dependent  on  thr 
degree  of  heterogeneity  of  crustal  velocities,  and  locational 
accuracies  more  precise  than  0.5  km  are  probably  rare.  However  the 
numerical  stability  and  confidence  in  such  hypocentre  location  is  now 
capable  of  evaluation  by  computer  programs. 

As  only  big  fault  movements  pass  through  to  the  surface,  only  the 
larger  crustal  faults  outcrop  and  can  be  identified  from  surface 
observations.  Most  smaller  earthquakes  could  occur  on  small  crustal 
faults  that  do  not  outcrop.  Clearly  the  larger  the  earthquake  and 
the  larger  the  rupture  erea,  the  greater  the  probability  that  the 
earthquake  occurred  on  a  fault  known  from  surface  outcrop. 
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The  probability  that  a  small  earthquake  originated  on  a  known  (and 
therefore  large)  crustal  fault  is  hard  to  quantify.  Using  the 
assumption  that  the  gradient  of  the  regional  earthquake  recurrence 
relationship  (the  b-value)  reflects  the  actual  fractual  dimension  of 
failure  surface  of  different  sizes  vithin  the  crust  (King,  1983), 
comparative  calculations  can  be  carried  out.  For  example,  if  the 
chance  of  a  magnitude  6.5  earthquake  occurring  on  a  known  fault  ie 
taken  as  unity,  for  a  magnitude  4.5  earthquake  this  probability  will 
be  only  IX.  Application  of  the  statistics  of  line- search  for  mineral 
bodies  would  indicate  a  greater  probability  but  vithin  the  same  order. 

Some  of  the  most  Important  evidence  for  an  association  of  seismic 
events  with  faults,  comes  from  information  on  source  orientation  and 
location  contained  with  in  the  seismologlcal  data. 

Thus  if  the  orientation  of  one  of  the  focal  planes  of  a 
well-constrained  double-couple  source  mechanism  (requiring 
seismograms  obtained  from  a  good  azimuthal  spread  of  seismic 
instruments)  corresponds  with  the  orientation  of  a  known  fult  at  that 
location,  then  evidence  for  fault  activity  becomes  fortified. 

Furthermore  if  the  hypocentres  of  many  events,  as  in  swarms  or 
aftershocks,  define  a  single  plane,  then  an  active  fault  may  also  be 
presumed  even  one  that  was  not  previously  known. 

It  is  very  rare  to  gain  seismologlcal  proof  that  a  fault  has  produced 
earthquakes  within  the  period  of  monitoring.  The  degree  of  'proof' 
required  depends  on  whether  a  rigorous  proof  required  by  e  scientific 
argument,  or  whether  in  a  hazard  model,  the  probability  of  fault 
activity  can  itself  be  incorporated. 

Geological  evidence  for  fault  activity 

Where  fault  movement  has  passed  through  to  the  surfece  and  can  be 
dated  as  having  occurred  vithin  the  current  tectonic  regime,  the 
geological  definition  of  an  active  fault  is  explicit.  As  most 


crustal  faults  are  chiefly  known  f rou  surface  observations,  they 
■ust,  by  definition,  at  soae  period  have  been  active  faults  on  which 
aoveaents  were  large  enough  to  outcrop.  Therefore  current  activity 
on  the  ease  crustal  fault  should  be  reflected  by  continued  surface 
dlsplaceaent.  Hence  surface  geological  observations  can  hope  to 
discriminate  active  crustal  faults.  However,  where  the  surface 
aanlfe8tatlon  of  the  underlying  crustal  fault  aoveaents  is  coupler 
surface  geological  evidence  aust  be  used  with  care. 

As  only  the  largest  fault  ruptures  are  generally  associated  with 
surface  fault  dlsplaceaent  geological  evidence  for  fault  activity 
only  records  the  largest  earthquakes.  This  has  Inportant 
iapllcatlons  for  the  estlaation  of  fault  activity  rates  froa 
geological  data. 

The  tine -scale s  for  deterainlng  whether  a  fault  is  or  Is  not  active 
In  those  regions  close  to  plate  boundaries  and  Involved  in  fairly 
rapid  crustal  deforaation  referred  to  in  Section  2  have  not  been 
exllcltly  founded  on  a  model  of  the  ASC  and  the  CTR.  The  tine-scales 
previously  eaployed  for  designating  fault  activity  are  conservative 
with  regard  to  the  ASC,  these  saae  time-scales  have  often  been 
inappropriately  exported  to  Intraplate  regions. 

As  described  above  the  OS  NRC  definition  on  geological  grounds  of  a 
'capable  fault'  focuses  on  one  aovement  in  the  last  35,000  years  or 
aore  than  one  in  5000,000  years.  This  effectively  requires  that  the 
length  of  the  ASC  is  in  the  first  instance  less  than  35,000,  and  in 
the  second  less  than  250,000  years.  As  a  single  aoveaent  in  500,000 
years  does  not  aake  a  fault  'capable',  in  a  region  where  the  ASC  is 
longer  than  250,000  years  and  the  CTR  longer  than  500,000  years  a 
fault  can  be  designeted  as  'not  capable'  but  aay  still  be  active  and 
therefore  be  able  to  generating  a  aajor  earthquake.  Therefore,  away 
froa  regions  of  ectlve  deforaation  in  which  the  ASC  is  shorter  than 
35,000  years,  the  08  HRC  definitions  of  fault  capability  are 
inappropriate,  are  not  necessarily  consarvation  as  has  been  a  coaaon 
misconception. 
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The  IAEA  definition  on  geological  grounds  of  fault  capability 
requires  evidence  of  movement  in  the  'late  Quaternary'  which  implies 
tht  the  ASC  is  probably  less  than  10^  years*  Until  seismic  cycles 
for  intraplate  regions  are  ascertained  directly,  such  an  assumption 
cannot  be  confirmed  as  valid. 

In  California  the  geological  definition  for  designating  a  fault  as 
'active'  has  generally  been  chosen  as  movement  in  the  Holocene.  The 
period  of  10,000  years  is  probably  conservative  for  the  ASC  in 
California,  but  may  not  be  appropriate  for  all  active  faults  even 
there.  In  Japan  the  understanding  of  the  significance  of  the  ASC  is 
implicit  in  the  discrimination  between  faults  with  a  return  period  of 
less  than  10,000  years,  and  those  with  a  return  period  between  10,000 
and  50,000  years. 

The  assessment  of  the  time  period  by  which  faults  are  differentiated 
as  active  or  extinct  should  not  be  constrained  by  the  limitations 
implicit  in  the  duration  of  the  historical  record  of  earthquakes,  or 
by  the  limitations  implicit  in  some  dating  techiques.  It  is  exactly 
such  limitations  that  are  imposed  in  some  regulatory  definitions  of  a 
'capable'  fault.  Such  definitions  cannot  be  scientifically  justified 
and  this  is  why,  in  the  absence  of  the  direct  measure  of  the 
duration  of  local  seismic  cycles,  the  definition  of  an  extinct  fault 
is  preferably  based  on  the  whole  geological  time  period  over  which 
the  CTR  has  existed,  so  laying  a  burden  upon  geological  studies. 

Therefore,  in  studying  a  fault,  great  attention  should  be  paid  to 
identifying  and  dating  the  oldest  geological  formation  which  is  not 
offset:  in  perticular  an  overlying  deposit,  igneous  intrusion,  or 
vein  materiel.  If  a  fault  can  be  shown  not  to  have  moved  within  the 
CTR  it  can  be  considered  extinct  as  shown  in  Table  3. 

If  a  fault  can  be  shown  unequivocally  to  have  been  the  locus  of 
movement  within  the  CTR  using  either  seismological  or  geological 
evidence  then,  as  previously  disucssed,  it  must  be  regerded  as 
active,  again  as  shown  in  Table  3. 


There  arc  many  faults  which,  for  lack  of  evidence,  cannot  be  proved 
to  be  definitely  active  or  definitely  extinct.  Away  from  plate 
boundaries  the  tine  span  of  historical  seisuiclty  forms  only  a  snail 
fraction  of  the  average  selsalc  cycle  and  the  locational  imprecision 
of  historical  earthquakes  almost  invariably  hinders  any  association 
of  earthquakes  with  particular  faults.  In  addition,  evidence  of 
surface  fault  dlsplacenents  and  non-intersected  formations  nay  have 
been  obliterated  by  erosion. 

A  third  category  of  faults  is  tharfore  required  (see  Table  3)  in 
Which  activity  renaina  unproven.  Such  a  category  contains  faults  of 
all  descriptions  ranging  fron  those  that  are  probably  active, 
although  such  activity  cannot  be  proven,  to  those  that  are  probably, 
but  not  denonstrably,  extinct. 

As  has  already  been  remarked,  geological  and  selsnologlcal  evidence 
of  fault  activity  are  different  in  nature.  It  is  necessary  therefore 
to  consider  separately  those  types  of  observations  (see  Table  1)  that 
affect  the  status  of  an  unproven  fault. 

Selsnologlcal  observations 

For  one  or  sore  earthquakes  to  be  assigned  to  a  known  fault  with 
sufficient  confidence  to  define  the  fault  as  active  the  position  of 
both  the  fault  and  the  earthquaes  must  be  known  with  great  accuracy. 
Ideally  there  should  also  be  agreement  between  the  orientation  of  the 
fault  and  one  of  the  two  nodal  planes  of  the  focal  mechanism.  In 
practice,  hypocentral  locations  cannot  be  sufficiently  precise  unless 
they  are  obtained  fron  nearby  instrumental  records  and  local  crustal 
velocities  are  well-constrained.  In  addition  reliable  fault  place 
solutions  required  not  only  high  quality  data  but  also  a  suitable 
disposition  of  the  local  Instrumentation. 
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In  almost  all  other  cases  earthquake  macrocentres,  epicentres  and 
hypocentres  are  not  known  with  sufficient  precision  to  define  a  known 
fault  as  being  active.  The  only  circumstance  in  which  there  is  a 
strong  argument  for  an  imprecisely  located  earthquake  having  occurred 
on  a  specific  known  fault  is  when  the  earthquake  is  so  large  that 
there  la  no  others  known  fault  large  enough. 

Geological  observations 

As  Table  3  shows,  only  geological  evidence  can  prove  a  fault  to  be 
extinct.  An  extinct  fault  is  one  that  can  be  shown  not  to  have  moved 
within  the  duration  of  the  CTR  or  within  a  period  which  is  larger 
than  the  longest  such  cycle  if  it  can  be  ascertained. 

For  a  fault  to  be  proved  to  be  active  by  geological  data  it  must 
penetrate  and  displace  material  younger  thsn  the  CTR. 

For  the  majority  of  faults,  which  cannot  be  definitely  categorised  as 
active  or  extinct  (see  Table  3)  some  discussion  is  necessary  of  the 
nature  of  the  geological  evidence  available  for  assessment  within  the 
range  'probably  active’  to  'probably  extinct'. 

A  significant  vertical  component  of  fault  displacement  at  the  surface 
produces  a  fault-scarp  which  degrades  with  time.  The  rate  of  erosion 
is  dependent  on  the  nature  of  its  consitutent  materials  and  the 
effects  of  the  agents  of  erosion,  including  wind,  rain  and  man.  In 
some  arid  areas  of  western  USA  fault-scarps  have  been  dated  according 
to  their  state  of  preservation.  As  a  result  of  the  depredations  of 
the  Ice  Age,  over  much  of  Europe  and  North  America  and  the  whole  of 
Britain,  any  fault  scarp  that  can  be  shown  unequivocally  to  have 
resulted  from  movement  and  not  from  differential  erosion  is  a 
positive  demonstration  of  an  active  fault.  However,  the  absence  of  a 
fault-acarp  cannot  be  taken  as  conclusive  evidence  that  a  fault  is 
extinct . 
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It  1*  common  to  find  that  fault*  11a  parallal  to  one  another  within  a 
given  region.  Within  any  prevailing  tectonic  regime,  and  In 
particular  within  the  CTR,  where  one  fault  1*  reactivated  other*  with 
the  saw*  orientation  nay  be  active.  Hence ,  if  It  Is  possible  to 
prove  that  one  of  a  set  of  faults  Is  either  active  or  extinct,  then 
this  is  a  strong  arguaent  that  other  analogous  parallel  faults,  share 
a  slallar  status. 

Faults  which  have  undergone  multiple  reactivation  since  the  last 
aajor  orogenic  episode  have  demonstrated  their  vulnerability  through 
geological  tlae  placing  than  under  suspicion  of  being  active. 

Seisaotectonic  arguaent*  as  to  whether  a  fault  Is  active  can  be 
raised  on  the  basis  ->f  the  faults  orientation  and  aoveaent  history 
with  respect  to  the  >TR  and  this  Is  an  Important  diagnostic  in  the 
BPRI  1986  study.  In  view  of  the  uncertainties  In  determining  the 
stress  tensor  over  an  appropriate  volume  of  crust  and  the 
uncertainties  in  the  fault  constitutive  relations,  the  most  robust 
stateaent  based  on  crustal  stress  is  the  likely  low  vulnerability  of 
a  strike  slip  fault  noraal  to  the  direction  of  principal  coapresslon. 

\ 

It  will  be  seen  froa  this  dlscusssion  that  the  use  of  Table  3 
requires  judgement.  The  lapllcation  of  this  judgement  with  respect 
to  hazard  modelling  decisions  is  discussed  in  aore  detail  later.  The 
Ideal  categories  of  'active'  and  'extinct'  aust  now  be  understood  in 
teras  of  the  decisions  and  procedures  flowing  froa  such 
categorisation.  Table  4  shows  a  systea  to  guide  decisions  on  whether 
or  not  to  include  a  fault  as  a  discrete  source  in  a  aodel  for  hazard 
In  the  OK. 

Won-tectonic  fault  aoveaent 


While  all  displacement  observed  on  a  surfacs  fault  reflects  aoveaent 
along  that  fault,  there  are  important  lap li cat ions  as  to  the  depth  at 
which  that  aoveaent  was  initiated.  The  reaoval  of  soae  aaterial, 
whether  by  natural  processes  or  through  fluid  or  solid  extraction, 


can  cauae  subsidence  to  become  concentrated  along  the  zone  of 
weakness  provided  by  the  fault* 

ASSESSING  FAULT  ACTIVITY 


In  order  to  assess  either  the  ground  repture  or  the  ground  notion  hazard 
it  is  necessary  to  attribute  rates  of  seismic  energy  release  to  all 
significantly  located  faults  which  are  in  the  active  state.  It  nay  also 
be  necessary  to  attempt  to  assess  similar  parameters  for  some  other  faults 
which,  whilst  not  definitely  active,  cannot  be  proved  to  be  extinct.  The 
methods  by  which  'fault  activity  rates'  can  be  assessed  and  the  problems 
that  exist,  particularly  in  intraplate  areas,  are  discussed  now. 

Fault  activity 

The  complete  pattern  of  Individual  coBeismlc  displacements  along  an 
active  fault  or  some  section  of  an  active  fault  provides  a  recurrence 
relationship  describing  the  frequency  of  various  sizes  of 
earthquakes.  This  is  commonly  expressed  in  the  same  form  as  the 
recurrence  relation  for  the  seismicity  of  a  zone,  viz: 

logN  “  a-bM 

Because  the  underlying  processes  are  not  clearly  understood  (in 
particular  the  association  of  all  events  with  a  unique  planar  fault, 
this  representation  is  not  as  confidently  established  for  individual 
active  faults  as  it  is  for  zonal  seismicity.  A  simple  relationship 
of  this  form  is  however  usually  assumed  in  current  seismic  hazard 
assessment  methods.  The  constants  which  have  to  be  derived  from  the 
available  geological  and  selsmologieal  data  concerning  the  fault 
under  consideration. 

Selsmologieal  versus  geological  data 

Selsmologieal  observations,  as  recorded  during  the  relatively  short 
time  periods  of  recent  instrumental  monitoring  or  through  history, 
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generally  can  only  provide  the  'lower  end'  of  the  reucrrence 
relationship*  Only  at  some  plate  boundaries,  where  the  ale sale  cycle 
■ay  lie  within  the  historical  record.  Is  It  likely  to  be  possible  to 
retrieve  the  recurrence  relationship  for  aost  magnitudes  from 
seismicity  alone. 

» 

Geological  observations  of  active  faults  can  only  provide  the  'upper 
end'  of  the  magnitude  recurrence  relationship  le  knowledge  of  those 
earthquakes  large  enough  to  have  caused  surface  rupture. 

The  observational  domains  of  geological,  historical.  Instrumental  and 
aicroseismic  data  are  Illustrated  in  Fig  2,  a  plot  which  shares  the 
saae  axes  as  conventional  earthquake  recurrence  relationships.  From 
this  plot  It  can  be  seen  that  selswoliglcal  and  geological  data  only 
overlap,  and  can  therefore  only  fully  define  the  recurrence 
relationship.  In  the  case  of  faults  with  very  high  activity  rates*  as 
at  plate  boundaries.  For  faults  with  very  low  activity  rates  there 
Is  no  possibility  of  obtaining  direct  coaplete  seismologies 1  evidence 
of  recurrence  rates  for  magnitudes  below  the  sensitivity  of 
geological  data.  In  such  cases,  the  assessaent  of  activity  rates  has 
to  be  aade  fro*  geological  evidence  alone. 

Fault  activity  rates  fro*  geological  data 

At  their  simplest,  geological  data  provide  a  measure  of  total  fault 
displacement  within  a  known  time  period  which  can  be  converted  into  a 
slip-rate  -  see  below.  Fault  offsets  can  also  sometimes  indicate  the 
else  of  individual  displacement  events  but  they  can  give  no  insight 
into  b-values  relevant  to  all  sizes  of  earthquakes  on  the  fault. 

Studies  of  individual  displacement  events  on  large  active  faults  in 
regions  of  active  tectonics  in  Western  America  have  revealed  the 
phenomenon  of  'characteristic  earthquakes'.  The  existence  of  a 
'single  size'  event  at  high  magnitudes  means  that  the  magnitude 
frequency  recurrence  relationship  Is  not  linear  but  shows  s  marked 
change  In  gradient  (or  b-value)  from  estimated  values  around  1.0  for 
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low  magnitudes,  as  retrieved  from  seismologlcal  data,  to  about 
0. 2-0.4  for  high  magnitudes  (see  Fig  3).  This  has  important 
i  Implications  for  any  extrapolation  of  reucrrence  relationships. 

Maximum  magnitude 

The  global  empirical  database  on  fault  movements  in  major  earthwuakes 
allows  direct  assessment  to  be  made  of  the  dimensions  of  faults  and 
fault  movements  related  to  earthquake  size.  From  such  relationships 
the  upper  bound  magnitude  earthquake  that  could  occur  on  a  specific 
active  fault  of  known  length  can  be  estimated. 

Slip-rate 

The  cumulative  displacement  which  has  occured  on  an  active  fault 
within  the  duration  of  the  current  tectonic  regime  divided  by  the 
)  time  period  over  which  is  has  occurred  provides  an  average  annual 

slip-rate.  This  slip-rate  not  only  indicates  greater  or  lesser 
scales  of  fault  movement  but  can  be  manipulated  to  estimate 
earthquake  recurrence  relationships.  In  making  this  conversion  it  is 
necessary  to  invoke  a  model  of  earthquake  generation  with  numerous 
aasumptions . 

The  simplest  assumption  is  that  the  slip-rate  represents  series  of 
repeated  earthquakes  of  the  same  maximum  size  (Slemmons,  1977).  The 
apportionment  of  the  total  displacement  between  recurrences  of 
different  sized  earthquakes  must  also  reflect  current  understanding 
as  to  which  earthquakes  produce  surface  displacement. 

An  alternative  method  employs  the  concept  of  seismic  moment.  With  an 
estimate  of  the  rigidity  of  the  surrounding  rock  and  of  the  rupture 
area,  it  is  possible  to  convert  slip-rate  to  cumulative  monment 
release  rate  (or  seismic  moment  rate).  A  seismic  moment  rate  can 
then  be  partitioned  into  a  magnitude  recurrent  relation  according  to 
some  assumed  model,  exponential  magnitude  dis  -bution  is  usually  is 
used. 
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Recurrence  relationship 

The  recurrence  relation  derived  by  elth  er  of  these  net  hods  ie  very 
sensitive  to  the  maximum  magnitude  of  earthquake  taken  to  occur  on  a 
given  active  fault.  Maximum  magnitude  must  be  estimated  from  the 
dimensions  of  the  particular  fault  or  fault  segment  and  from  the  else 
of  past  displacements.  Once  maximum  magnitude  has  been  assigned,  the 
choice  between  an  exponential  model  and  a  characteristic  earthquake 
model  has  important  implications,  in  particular  for  the  rate  of 
occurrence  of  moderate  magnitude  earthquakes.  (Schwartz  and 
Coppersmith,  1986). 

Problems 

Particular  problems  exist  when  using  geological  data  for  estimating 
fault  activity  rates  in  two  specific  cases: 

1)  Where  a  fault  is  proven  active  on  seismological  grounds  alone 
(see  Table  3),  with  no  geological  indications  of  rate  of 
movement,  and  insufficient  seismological  data  to  provide 
recurrence  intervals. 

il)  Where  a  fault  is  proven  active  in  geological  Grounds  (see 
Table  3)  by  virtue  of. what  may  have  been  a  s ingel  displacement. 

In  both  cases,  whilst  the  maximum  earthquake  can  be  assessed  from  the 
length  of  the  fault  thee  is  no  possibility  of  directly  calculating  a 
slip-rate.  However  upper  bounds  for  this  slip-rate  may  he  estimated 
from  such  Information  as  the  average  slip-rate  of  faults  wihin  the 
CTR  or  from  the  absence  of  indicators  which  would  be  available  had  a 
particular  slip-rate  been  exceeded. 

The  problem  of  active  faults  with  low  activity  rates 

Fig  4  shows  idealised  linear  recurrence  relationships  for  a  set  of 
individual  active  fault  superimposed  against  the  observational 
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domains  appearing  on  Fig  2.  The  individual  lines  represent  active 
faults  with  slip-rates  which  vary  by  orders  of  magnitude.  Each  fault 
has  been  pegged  to  the  same  single  value  of  upper  bound  (or 
characteristic)  magnitude  and  has  an  assumed  simple  signle  b-value 
equal  to  1.0. 

Fig  4  demonstrates  that,  within  intraplate  area  where  the  recurrence 
interval  of  major  earthquakes  on  individual  active  faults  is  very 
long,  direct  selsmological  observations  of  even  low  magnitude 
earthquake  recurrence  may  form  such  a  small  dataset  that  no  simple 
seismic  recurrence  pattern  can  be  retrieved.  At  best,  selsmological 
data  may  only  provide  minimum  rates  of  seismic  activity  that  faults 
have  not  exceeeded.  Thus  commonly  there  is  not  direct  way  of 
deriving  the  b-value  of  the  fault.  Therefore,  a  b-value  has  to  be 
imported,  either  from  other  well-studied  active  faults  in  the  same 
region  or  from  better  established  fault  b-values  obtained  in  areas  of 
high  seismicity. 

Fig  4  also  shows  that,  while  the  period  of  recorded  seismicity  may  be 
too  short  to  provide  use*--!  information  on  earthquake  recurrence 
relationships  for  individual  faults,  geological  evidence  can  provide 
important  information  on  high  magnitude  recurrence  relationships  even 
for  a  fault  with  a  low  activity  rate.  However,  in  comprison  with 
faults  subject  to  more  rapid  deformation,  problems  arise  with  the 
survival  of  evidence  for  long-term  fault  movements.  Excepting  in 
extenslonal  regimes',  in  which  sedimentation  accompanies  fault 
movement,  evidence  likely  to  be  destroyed  in  a  long  seismic  cycle 
environment. 

Where  such  evidence  has  survived,  it  may  prove  possible  to  find 
instance  of  repeated  fault  displacement  with  which  to  prove  or 
disprove  a  characteristic  earthquake  recurrence  relationship.  For  a 
fault  of  prolonged  seismic  cycle,  questions  as  to  whether  a 
recurrence  relationship  is  exponential  or  involves  characteristic 
earthquakes,  may  be  critical  as  moderate  magnitude  earthquakes  may 
form  a  most  important  component  of  the  short-term  hazard. 
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Activity  rates  for  unproven  fault; 

In  such  ctiti)  If  none  of  the  methods  described  above  can  be  used  to 
elucidate  an  activity  rate,  there  is  no  alternative  but  to  estimate 
activity  rates  by  analogy  with  other  faults  in  the  region. 

For  small  surface  faults  representing  secondary  deformation  relating 
to  major  crustal  faults,  while  there  is  genrally  no  reason  to 
consider  them  as  seismic  sources  in  their  own  right,  estimates  of 
potential  'activity*  rate,  may  be  needed  in  considering  the  ground 
rupture  hazard,  Secondary  faults  move  as  the  result  of  movement  on 
neighbouring  crustal  faults.  The  probability  of  their  displacement 
therefore  cannot  be  more  than  the  probability  of  a  major  earthquake 
Involving  ground  rupture  along  the  neighbouring  crustal  fault.  The 
connections  to  the  crustal  fauit  and  the  past  pattern  of  Interrelated 
movements  must  be  recognised  in  determining  the  'linkage  factor’, 
i.e.  the  probability  that  a  major  earthquake  on  the  crustal  fault 
will  produce  displacements  on  the  secondary  or  sympathetic  fault. 

Conclusion 


Calculating  activity  rates  for  faults  in  the  intraplate  environment 
presents  many  problems  because  of  the  paucity  of  relevant  data. 
Commonly  the  recurrence  relationship  can  only  be  considered  as  lying 
within  a  possible  range,  bounded  only  by  some  upper  and  lower  values, 
as  defined  from  available  selsmologlcal  and  geological  constraints. 

For  the  mejorlty  of  faults,  whose  state  remains  unproven,  the 
uncertainty  Inherent  n  the  recurrence  relationship  means  that  their 
contribution  to  ground  motion  hazard  is  most  appropriately 
accommodated  within  a  volume  seismic  source  model.  Activity  rates 
for  such  faults  only  become  critical  for  those  passing  through  or 
close  to  the  site  of  interest,  in  particular  because  of  their 
possible  implicetlons  for  the  ground  hazard  rupture  hazard. 
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5  DATING  OF  FAULTS 

The  dating  of  last  movement  of  a  fault  becomes  a  critical  item  in  the 
classification  procedure  and  a  dated  history  of  coseismlc  fault  movement 
becomes  a  valuable  source  of  information  from  which  to  estimate  the  fault 
activity  rate.  Both  absolute  and  relative  dating  methods  have  their 
place.  There  have  been  considerable  advances  in  the  techniques 
(especially  in  direct  dating  of  fault  rocks  and  gauges  themselves) 
available.  In  Table  4  the  methods  in  current  use,  together  with  a  number 
at  a  very  early  stage  of  development  are  listed. 

Only  very  recently  have  direct  methods  of  dating  been  applied  to  fault 
rocks  themselves.  Electrom  Spin  Resonance  dating  of  the  quarts  veins 
formed  in  association  with  faulting  has  been  used  by  Fukuchi  et  al  1986, 
and  tested  on  both  faulted  and  sedimentary  rocks  in  the  Western  USA. 
Thermoluminescence  (Hckeever  1985)  is  promising  technique  which  is  being 
used  to  date  sediments  and  may  have  application  in  the  dating  of 
syntectonic  vein  material.  Attempts  to  date  fault  gauge  using 
Rubidium/Strontium  and  Potassium/ Argon  methods  are  currently  underway. 

The  general  dating  of  Quaternary  sediments  is  receiving  much  attention  and 
many  contracts  are  being  let  by  the  DSGS  in  this  field  (DSGS  Open  File 
Report  87-23). 

A  note  also  be  made  of  the  rapid  advances  in  satellte  geodesy 
(Geosatellite  Positioning  Systems,  (GPS)  which  may  soon  become  exploitable 
by  engineering  sei^molgists . 

6  INCLUDING  FAULTS  IN  A  MODEL 

Decisions  from  Table  4 


Just  as  the  EPRI  matrices  are  expressed  in  terms  of  a  probability,  it  is 
possible  to  develop  a  provisional  weighting  proceedure  for  Table  4.  The 
questions  implicit  in  the  statement  within  the  'unproven'  category  are  of 
a  different  nature.  Questions  Hi  to  v  if  answered  in  the  affirmative 
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would  tend  towards  labelling  a  fault  aa  'extinct*  but  questions  vi  to  ix 
if  so  answered  would  tend  towards  labelling  the  fault  as  'active'* 
Furthermore  there  are  combinations  of  answers  which  are  impossible  and 
others  which  necessarily  equivalent  to  a  'proven'  category.  Zt  should 
also  be  noted  that  no  other  combination  of  the  unproven  category  may 
constitute  an  equivalence  to  the  two  defined  'proven'  categories  of 
Table  4. 

Staying  within  these  constraints  a  preliminary  weighting  system  has  been 
devised  which  enables  a  probability  to  be  assigned  to  all  combinations  of 
questions  ill  to  vill  (Figs).  Snch  procedures  have  to  be  'calibrated' 
against  expert  opinion  for  the  region  under  consideration. 

Faults  and  area  sources 


The  inclusion  of  fault  sources  within  hazard  models  together  with  area 
sources  has  been  common  commercial  practice  for  some  time  (McGuire  1978) 
and  sow  programmes  are  available  which  enable  this  to  be  done  in  a 
Bayesian  logic  tree  formulation  (Mortgat  and  Shah  1974,  Kulkami  et  al 
1984,  PML  1985).  Clearly  as  more  activity  can  be  allocated  to  specific 
faults  it  has  to  be  tranferred  from  the  'area'  sources  and  the 
'background*.  This  may  be  done  crudely  where  a  fault  is  of  low  activity 
even  though  its  *b'  value  may  not  match  that  of  the  other  sources. 
Problems  arise  where  significant  activity  can  be  ascribed  to  the  fault 
with  a  typically  lower  'b'  value. 

7  COHCLPSIOHS 


In  stipulating  that  active  faults  be  identified  and  avoided  draft  EC8  is 
imposing  a  formidable  task  on  the  geologists  and  seismologists  who  must 
advise  the  competent  national  authorities.  The  experience  of  those  who 
have  undertaken  the  same  task  for  nuclear  facilities,  gas  storage,  dams 
and  reservoirs  sust  be  cautiously  exploited.  Each  site  study  nay  involve  a 
number  of  man  years  with  the  main  efort  being  concentrated  on  a  relatively 
small  area.  It  is  crucial  that  an  agreed  set  of  definitions  be 
established  and  that  a  procedure  for  decision  making  in  the  probably 
dominant  'unproven'  category  be  agreed  upon  in  the  varied  seismotectonlc 
climate  of  Europe. 
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Current  Guidelines  and  Criteria  for  Assessment  of  Faults 


TABLE  2 


TECTONIC  'HYPOTHESES*  CONSIDERED  INITIALLY 
TO  DEFINE  DATA  NEEDS 

Reactivation  of  Failed  Rifts 
Isostasy 

Reactivation  of  Oecollement 
Reactivation  of  Mesozoic  Rifts 
*  Epelrogenlc  Structures 
Deep-Seated  Structural  Boundaries 
Onshore  Extensions  of  Oceanic  Fracture  Zones 
Block  Tectonics 
Intruslves 

Thermal  Expansion/Contraction 
Structural  Intersections 
Induced  Seismicity 
Growth  Faults 

Eastern  Piedmont  Ductile  Shear  Zones 

Cenozolc  Reverse  Faults 

Areas  of  Intensive  Jointing/Fracturing 

Initiation  of  New  Faults 

Random 

Unknown 


TABLE  3 


STATS 


EVIDENCE 


(i)  FAULT  DOES  NOT  DISPLACE  MATERIALS  OR 

STRUCTURES  PREDATING  THE  CURRENT  TECTONIC 
REGIME 


EXTINCT 


(ii) 


(iii) 


(iv) 


(v) 


(Vi) 


(UNPROVEN) 


FAULT  DOES  NOT  DISPLACE  MATERIAL  OF  AGE 
GREATER  THAN  THE  LENGTH  OF  THE  LONGEST 
‘SEISMIC  CYCLE'  OF  FAULTS  WITHIN  THE  REGION 


THE  MINERALOGY  OF  MECHANICALLY  CONTINUOUS 
FAULT  GOUGE  IS  INCOMPATIBLE  WITH  THE 
CURRENT  STRESS/TEMPERATURE  REGIME 


FAULT  IS  A  SMALL  SECONDARY  FRACTURE 


FAULT  DOES  NOT  DISPLACE  MATERIALS  OR 
STRUCTURES  YOUNGER  THAN  THE  ’AVERAGE 
SEISMIC  CYCLE’ 


FAULT  STYLE  AND  ORIENTATION  MAKES 
DISPLACEMENT  UNLIKELY  IN  CURRENT  TECTONIC 
REGIME 


(vii)  FAULT  SHOWS  APPARENT  GEOGRAPHICAL 

ASSOCIATION  WITH  UNCERTAINLY  LOCATED 
EARTHQUAKE 


1 

1 

1 

1 

(viii) 

FAULT  HAS  BEEN  ACTIVE  UNDER  A  VARIETY  OF 
DIFFERENT  TECTONIC  REGIMES 

1 

1 

1 

1 

_ L_ 

( ix) 

FAULT  HAS  A  CLOSE  ANALOGUE  PROVED  ACTIVE 

1 

i 

i 

i 

i 

i 

i 

i 

i 

i 

(x) 

FAULT  HAS  APPROPRIATE  DIMENSIONS  AND  IS 
UNIQUELY  IMPLICATED  BY  A  WELL-LOCATED  LARGE 
EARTHQUAKE ( S ) 

ACTIVE  i 

i 

i 

i 

(xi) 

FAULT  IS  THE  LOCUS  OF  WELL-CONSTRAINED 
EARTHQUAKE  HY  POCENTRE ( S ) 

( 

i 

t 

i 

i 

i 

i 

(xii); 

FAULT  DISPLACES  MATERIAL  YOUNGER  THAN  THE 
DURATION  OF  THF  CURRENT  TECTONIC  REGIME 

.  CRITERIA  FOR  ACTIVE  FAULTING 


EXTINCT 

- r 

i 

i 

i 

i 

t 

i 

i 

(i) 

FAULT  DOES  NOT  DISPLACE  PRE-PLIO- 
QUATERNARY  MATERIALS  OR  STRUCTURES 

“ I - 

!  HO 

I 

I 

1 

1 

i 

i 

i 

i 

i 

i 

i 

t 

i 

(ii) 

THE  MINERALOGY  OF  MECHANICALLY  CONTINUOUS 
FAULT  GOUGE  IS  INCOMPATIBLE  WITH  THE 
CURRENT  STRESS/TEMPERATURE  REGIME 

- 

1 

1 

4 

i  HO 

i 

i 

i 

i 

i 

i 

i 

< 

(iii) 

FAULT  IS  A  SMALL  SECONDARY  FRACTURE 

i 

|  NO  * 

1 

1 

i 

i 

i 

i 

i 

i 

i 

(iv) 

FAULT  DOES  NOT  DISPLACE  LATE  QUATERNARY 
MATERIALS  OR  STRUCTURES 

— j - - - 

1 

!  HO 

1 

1 

1 

( 

(UNPROVEN) 

i 

i 

i 

i 

i 

i 

i 

i 

i 

(v) 

FAULT  STYLE  AND  ORIENTATION  MAKES 
DISPLACEMENT  UNLIKELY  IN  CURRENT  TECTONIC 
REGIME 

» 

1 

I 

I  HO 
« 

4 

1 

4 

i 

i 

l 

i 

i 

i 

i 

t 

i 

i 

i 

(vi) 

FAULT  SHOWS  GEOGRAPHICAL  ASSOCIATION  WITH 
SMALL  MACROS El SMIC  EARTHQUAKE  OR 
INSTRUMENTAL  EARTHQUAKE  LOCATED  BY 

REGIONAL  NETWORK 

■  NO  UNLESS 
i  THE  FAULT  IS 
!  THE  UNIQUE 
CANDIDATE  AT 
!  THE  APPRO- 
i  PRIATE  DEPTH 

i 

i 

i 

i 

i 

i 

i 

(vii) 

FAULT  HAS  UNDERGONE  MULTIPLE  POST-VARISCAN 
REACTIVATION 

“I - 

|  YES/NO 
!  DEPENDING  ON 
|  LOCAL  DETAILS 

i 

i 

4 

1 

1 

(viii) 

FAULT  HAS  A  CLOSE  ANALOGUE  PROVED  ACTIVE 

|  YES/NO 
!  DEPENDING  ON 
!  LOCAL  DETAILS 

1 

4 

1 

1 

1 

• 

1 

1 

1  _ 

(ix) 

t 

FAULT  HAS  APPROPRIATE  DIMENSIONS  AND  IS  ) 

UNIQUELY  IMPLICATED  BY  A  WELL-LOCATED  LARGE 1  YES 

EARTHQUAKE ( S  >  J 

ACTIVE 

1 

« 

1 

1 

1 

1 

1 

1 

1 

l 

1 

(x) 

FAULT  COINCIDES  WITH  ACCURATELY  LOCATED 
HYPOCENTRE(S)  FROM  LOCAL  NETWORK  AND  IS 
CONSISTENT  WITH  PARAMETERS  FROM  WELL- 
CONSTRAINED  FOCAL  MECHANISM(S) 

i 

i 

|  YES 
» 
i 
i 
» 
i 
i 

1 

1 

1 

4 

1 

1 

(xi) 

FAULT  DISPLACES  GROUND  SURFACE  OR  LATE 
QUATERNARY  DEPOSITS  AND/OR  STRUCTURES 

!  YES 

i 

i 

i 

i 

N.8.  The*e  are  theoretical  decisions.  Whether  or  not  a  fault  is  actually  modelled 
aeponds  on  its  location  with  respect  to  the  site  of  interest  (see  text). 


•  DECISIONS  FOR  MODELLING  KNOWN  FAULTS  FOR  GROUND  MOTION'  HAZARD  IK 
BRITAIN 


TABLE  5 


GEOCHRONOLOCilCAL  TECHNIQUES  after  Colman  and  Pierce  1979 

TABLE 

METHOD _ APL  OPT.  RES  BASIS  OF  METHOD _ 

10*10 3 10*10*10* 


Historical  1-3***** 


Preserved  records, oral 


Dendro-  2  *****  Old  trees  and  environment 

chronology  sensitivity  preserved.  Earth 

quake  stress  may  be  observed 


Varves©  1  *******  Direct  counting  and  overlap 


Carbon  14©  1-3  ********  Needs  non  contaminated  carbon. 

Quantalus  <|3>requires  gms,  tandem 
mass  accelerator <TAMS>  requires 
sub-milligrams. 


Uranium  series©2  ..******«*♦  Corals,  molluscs,  bone  carbon.  High 

precision  mass  spectrometry  permits 
small  samples  and  error  10*4  of 
radiocarbon  dating.  Errors  due  to  lack 
of  closed  system.  #. 


Potassium©  1  *********  Requires  K  bearing  feldspars,  error 

Argon  due  to  loss  of  argon  or  excess  or 

contamination 


Fission  track©  2 . *******  Intense  damage  when  fission  fragment 

passes  through  non  opaque  minerals  such 
as  apatite  and  zircon.  Track  stable  <50 

# 


Uranium  trend  4 . ****...  Based  on  open  system  migration  of 

daughter  products  in  calibrates 
system  (  U , -:aoTh  > 


Thermo  \ 

luminescence©  4  . ********  Based  on  displacement  of  electrons 


TABLE  5  contd. 


by  a.B.y.  Clock  set  by  exposure  to 
light  of  feldspars,  quartz 
carbonate  # 


Electron  spin©  2  . ***»«*« 

Electrons  trapped  at  defect  site 
in  quartz  give  signal  in  electron 
spin  resonance  spectrum  (ESR).  Zero 
set  by  cataclasis.  # 

Cosnogenic 

isotopes© 

1  ?  ?  ?  ?  ? 

Analogous  to  dating  with  atmospheric 

Isotopes. eg  ’°Be,  25A1.  Accelertor  mass 
spectrometry  <AMS>  needed  to  measure 
very  small  ratios  relative  to  their 
stable  Isotopes.  Observation  of  slow 
migration  in  soils  eg  penetration  of 
meteoric  water  in  gouges.  # 

Amino  acid© 

2  » . . . ««**»«. . . 

4 

Based  on  L-D  conversion  of  protein 
amino  acids  after  death  of  organism. 
Relative  dating  (aminostrat igraphy) 
Requires  shells  or  skeletal  material. 

Obsidian 

hydration 

imimmi 

Hydrated  layer  on  crack  or  surface 
formed  at  event. 

Tephra 

l  . 

Progressive  filling  of  bubbles  in  ash 

Lichenometry 

Stable  rock  surface  for  lichen  growth 
needed. Errors  due  to  climate  differences 

Pedogenesis© 

4 . ***«» _ 

Development  of  soil  properties  with  time 
Best  when  all  other  agents  constant. 

Rock 

weathering 

Thickness  of  weathering  rinds.  Sonic 
velocity  methods  being  developed. 
Precision  varies  with  feature  being 
studied.  Useful  in  humid  to  sub  humid 
.  editions. 

Rock  varnish 

1 . 

Calibrated  ratio  of  minor  cations  in 

varnish  C(K+Ca>/T,l  Best  in  arid  and 
semi  arid  environments 


TABLE  5  contd. 


Landform  3 .  Depends  on  climate  and  lithology. 

Includes  degradation  rates  tor 
fault  scarps.  Limited  in  glaciated 
r  eg i ons . 


Deposition  2  .  Depends  on  calibration.  Variable, 


Geomorphology  3  .  Assumes  rate  of  deformation  constant 

Incision  rate  needs  calibration. 


Deformation®  2 .  Fabric  analysis,  fluid  inclusions 

palaeothermometry ,  inference  on  depth 
of  burial  and  subsequent  exhumation. 
Calcite  twinning,  quartz  clarity. 


Key  :  *  Optimal  range  within  about  10% 

1,  2,  3,  4  -  seldom  applicable  to  nearly  always  applicable, 
g  -  possible  use  in  UK 

#  -  possible  use  in  direct  dating  of  gouge 


Brittle  Slip 
on  a  Feature 
(Most  recent  age) 

-  ■  ■"  ~  ■■■■■■■  ~r  " 

Special  Association  with  Seismicity  FIG  t 

Moderate-to-Large 

Earthquakes 

Small  Earthquakes 
Only 

No  Seismicity 

Geometry  Relative  to  Stress/Sense  of  Slip 

Favorable 

Unfavorable 

Favorable 

Unfavorable 

Favorable 

Unfavorable 

Pleistooene 
Holocene  Slip 

1.0 

0.9 

0.8 

0.7 

0.5 

0.4 

Cretaceous- 
Tertiary  Slip 

0.7 

0.5 

0.5 

0.3 

0.2 

0.1 

Pre-Cretaceous 
Slip  or  No 

Brittle  Slip 

0.4 

0.3 

0.1 

0.05 

0 

0 

Geometry 
Relative  to 
Stress/Sense 
of  Slip 

Spatial  Association  with  Seismicity 

Moderate-to-Large 

Earthquakes 

Small  Earthquakes 
Only 

No  Seismicity 

Favorable 

1.0 

0.5 

0.1 

Unfavorable 

0.8 

0.3 

0 

Matrix  of  physical  characteristics  for  example  evaluation. 


Probability  that  the  Given 
Feature  Exhibits  a  Given 
Level  of  Each  Characteristic 


Physical  Characteristic 

Feature 

HA 

Feature 

HB 

Feature 

HC 

1.  Spatial  association  .with  seismicity 

1.  Moderate-to-large  earthquakes 

0.3 

0.1 

0.2 

2.  Small  earthquakes  only 

0.2 

0.5 

0.1 

3.  No  seismicity 

0.5 

0.4 

0.7 

1=  1.0 

1.0 

1.0 

2.  Geometry  of  feature  relative  to 
stress  orientation  and/or  sense 
of  slip 

1.  Favorable  geometry/sense  of 
slip 

0.3 

0.3 

0.1 

2.  Unfavorable  geometry/sense 
of  slip 

0.7 

0.7 

0.9 

S  =  1.0 

1.0 

1.0 

3.  Brittle  slip  on  a  feature 

1.  Pleistocene-Holocene  slip 

0 

0.1 

2.  Cretaceous-Tertiary  slip 

0.1 

■— 

0.9 

3.  Pre-Cretaceous  slip  or  no 
brittle  slip 

0.9 

_ 

0 

X=  1.0 

— 

1.0 

Example  feature  characteristics  assessment. 
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FIG  2 


MAGNITUDE  (MI 

FAULT  ACTIVITY  RELATED  TO  OBSERVATIONAL  DOMAINS 

I  •  -  S  x  lO1  mm/ YEAR  I  pLATE  BOUNOARY 

II  «-  5x  10*  mm/ YEAR  J 
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FIG  3 
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DIAGRAMMATIC  CUMULATIVE  FREQUENCY- 
MAGNITUDE  RECURRENCE  RELATIONSHIP 
3R-  AN_ -INDIVIDUAL.  FAULT  OR  FAULT  SEGMENT 

(FROM  SCHWARTZ  AND  COPPERSMITH.  1984  ) 
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ABSTRACT 


During  the  New  Hampshire  earthquake  of  18  January  1982  (M  -  4.7) 
which  occurred  at  latitude  43.5s  N,  longitude  71.6°  W,  three  records 
were  obtained  on  crest,  abutment,  and  downstream  sites  at  the  Franklin 
Falls  Dam  about  8  km  from  the  epicenter.  The  transverse  component  of 
the  accelerograph  located  on  the  right  abutment  recorded  a  peak  accel¬ 
eration  of  0.55  g,  which  is  the  highest  acceleration  ever  recorded  in 
the  eastern  United  States.  The  purposes  of  this  report  were  to  study 
the  seismic  response  of  the  dam  as  shown  by  response  spectra  on  crest, 
abutment,  and  downstream  sites;  and  to  determine  the  natural  periods 
of  foundation  and  dam  from  the  amplitude  ratios  (amplification  factor) 
of  the  response  spectra. 


INTRODUCTION 


At  19:14:42  EST  on  18  January  1982  or  00:13:42  UT  on  19  January 
1982,  an  earthquake  of  Richter  magnitude  4.7  occurred  at  latitude 
43.5°  N,  longitude  71.6s  W  in  New  Hampshire.  The  focal  depth  was 
estimated  to  be  between  4.5  and  8.0  km  by  the  Weston  Observatory  and 
US  Geological  Survey,  respectively.  A  typical  comment  by  people  at 
Laconia,  Franklin,  and  Tilton  Northfleld  areas  was,  "The  whole 
building  shook  and  rumbled."  The  earthquake  was  felt  in  most  of 
New  England  and  parts  of  New  York  for  about  20  seconds  during  the 
night.  The  Franklin  Falls  Dam  (Fig.  1)  is  at  a  distance  of  8  km  from 
the  epicenter. 

A  total  of  36  accelerograms  were  recorded  at  five  Corps  of  Engi¬ 
neers  (CE)  dams:  Franklin  Falls  Dam  (FFD,  eplcentral  distance,  8  km). 
Union  Village  Dam  (UVD,  e.d.,  60  km),  North  Hartland  Dam  (NHD,  e.d., 

61  km).  North  Springfield  Dam  (NSD,  e.d.,  76  km).  Ball  Mountain 
Dam  (BMD,  e.d.,  103  km);  and  at  the  White  River  Junction  (WRJ,  e.d., 

60  km).  Veterans  Administration  (VA)  Hospital.  However,  the  accelero- 
graphs  at  Townsend  Dam,  Surry  Dam,  and  at  the  Manchester  VA  Hospital 
were  not  triggered.  The  locations  of  these  sites  and  the  epicenter 
are  shown  in  Fig.  2. 


* Research  Geophysicist,  Geotechnical  Laboratory,  US  Army  Engineer 
Waterways  Experiment  Station,  P.0.  Box  631,  Vicksburg, 
Mississippi  39180-0631 


PURPOSE 


An  earlier  report  by  Chang  (1983)  discusses  the  corrections  of 
baseline  and  Instrument  for  the  36  accelerograms ,  the  integration  of 
particle  velocity  and  displacement,  the  analysis  of  maximum  acceler¬ 
ation,  velocity,  displacement,  and  spectrum  intensity,  and  the  study 
of  the  attenuation  rate  of  these  four  parameters  with  distance  for 
various  site  conditions.  The  purpose  of  this  report  is  to  analyze  the 
observed  spectral  response  at  crest,  right  abutment,  and  free  field 
downstream  of  the  Franklin  Falls  Dam. 


DESCRIPTION  AND  GEOLOGICAL  ENVIRONMENT  OF  THE 
FRANKLIN  FALLS  DAM 


The  Franklin  Falls  Dam,  located  about  4  kilometers  north  of 
Franklin,  New  Hampshire,  is  one  of  the  flood  control  reservoirs  for 
the  Merrimack  River  Rasln.  The  dam  is  of  rolled  earth  fill  with 
dumped  rock  shell  and  toe,  1,740  feet  (530  m)  long,  with  a  maximum 
height  of  136  feet  (41.45  m)  and  containing  about  3,300,000  cubic 
yards  of  earth  and  ro^k  fill.  A  550-foot  (168  m)  spillway  and 
732  square  feet  (68  m  j  of  gate-controlled  outlet  conduits  Involving 
95,000  cubic  yards  or  72,600  cubic  meters  of  concrete  were  constructed 
in  open  cut  rock. 

At  the  Franklin  Falla  Dam  site,  the  Pemlgewasset  Valley  has  a 
flat  bottom  U-shaped  cros8-sectlon  lying  entirely  on  glacial  deposits. 
The  right  abutment  of  the  bedrock  is  a  solid,  unweathered  rock  varying 
between  micaceous  gneiss  and  granular  mica  schist,  with  numerous  but 
minor  veins  of  coarse  granite.  The  left  abutment  is  a  steep  overbur¬ 
den  slope  rising  more  than  150  feet  (45  m)  at  an  angle  of  34  degrees. 


THE  ACCELEROGRAMS 


Nine  accelerograms  were  recorded  on  three  accelerographs  at  down¬ 
stream  field,  right  abutment,  and  crest  sites  of  the  Franklin  Falls 
Dam.  The  uncorrected  and  corrected  strong-motion  parameters  of  Frank¬ 
lin  Falls  Dam  are  listed  in  Table  1.  After  the  Instrument  and  base¬ 
line  corrections,  the  nine  corrected  accelerograms  were  integrated  to 
obtain  velocity  and  displacement  records  (Fig.  3  -  Fig.  5).  Next,  the 
Absolute  acceleration  response  spectrum,  relative  velocity  response 
spectrum  and  relative  displacement  spectrum  for  each  component  were 
calculated  and  plotted  (Fig.  6-14). 


CHARACTERISTICS  OF  RESPONSE  SPECTRA 


Absolute  Acceleration  Response  Spectrum 

Figures  6a  to  14a  show  that  the  highest  peak  spectral  acceler¬ 
ation  is  always  in  the  frequency  range  (i  10  Hz)  of  compression  (P) 
waves;  the  secondary  of  peak  amplitudas  is  in  shear  (S)  waves 


(2  HZ  <  f  <  10  Hz).  The  surface  (R  or  L)  waves  (f  <  2  Hz)  appear  as 
very  snail  peak  amplitudes,  often  not  easily  recognized.  The  spectral 
amplitude  approaches  zero  as  the  period  increases. 

Relative  Spectrum  Response  Velocity 

As  in  the  case  of  absolute  acceleration  response,  the  compression 
waves  usually  show  the  highest  spectral  amplitudes,  though  the  shear 
waves  contain  more  energy  (Fig.  6b  to  14b).  However,  when  the  reso¬ 
nant  period  of  the  S-wave  appears,  the  amplitudes  of  compression  and 
other  waves  will  be  comparatively  reduced,  as  demonstrated  in  the  lon¬ 
gitudinal  component  (L)  of  the  downstream  station  (Fig.  12b  to  14b), 
where  the  shear  wave  resonant  period  of  0.4  sec  (2.5  Hz)  becomes  the 
largest  amplitude  on  the  relative  velocity  response  spectrum.  The 
0.4  sec  period  is  the  natural  period  of  the  alluvial  deposit  at  the 
toe  or  foundation  of  the  Franklin  Falls  Dam.  This  resonant  period  of 
0.4  sec  appears  again  on  the  L-component  of  the  crest  recording  sta¬ 
tion  (Fig.  9b).  It  is  noted  that  the  amplification  factor  of  the 
L-component  of  the  accelerograph  on  the  crest  caused  by  the  height  of 
dam  is  less  than  or  equal  to  one  (Table  1).  The  amplitude  of  the  rel¬ 
ative  response  velocity  approaches  the  base  velocity  (peak  ground 
velocity)  at  period  between  1  and  4  sec  (Fig .  6b  -  14b) . 

Relative  Spectrum  Response  Displacement 

The  surface  waves  or  the  long  period  waves  (Love  and  Rayleigh 
waves)  are  the  dominant  waves  in  the  relative  displacement  response 
spectrum  (Fig.  6c  -  14c).  When  the  resonant  period  appears  in  the 
shear  waves,  the  displacement  amplitudes  of  compression  and  other 
higher  mode  shear  waves  are  reduced  rapidly,  as  demonstrated  in  the  L- 
and  T-components  of  the  downstream  station  or  2.5  Hz  on  L-component 
(Fig.  12c),  and  2.2  Hz  on  T-component  (Fig.  14c),  respectively.  How¬ 
ever,  the  response  surface  waves  of  the  large  periods  in  the  displace¬ 
ment  spectrum  contain  more  energy  than  the  shear  and  compression 
waves.  The  compression  waves  are  almost  nonexistent  in  the  displace¬ 
ment  spectrum. 

Damping  Ratios  and  Undamped  Periods  of  the  Response  Spectra 

In  the  engineering  design,  the  response  spectral  curves  for 
0,  2,  5,  10,  and  20  percent  critical  damping  are  usually  computed  and 
plotted  for  absolute  acceleration,  relative  velocity,  and  relative 
displacement,  (Fig.  6  to  14),  respectively,  or  in  the  form  of  tripar¬ 
tite  graphs  of  pseudo  velocity  versus  undamped  natural  period,  in 
addition  to  a  comparison  of  the  relative  velocity  response  spectrum  of 
zero  damping  with  the  Fourier  amplitude  spectrum.  Usually  spectra  for 
2,  5,  10,  or  20  percent  critical  damping  that  are  computed  for  design 
purposes  is  a  function  of  the  capability  of  the  structure  to  dissipate 
energy  without  deforming  beyond  some  accepted  level.  When  the  damping 
value  increases,  the  maximum  amplitude  and  irregularity  of  the 
response  spectrum  will  decrease.  Thus,  the  numbers  of  peaks  are 
reduced.  However,  the  distinguished  normal  mode  and  higher  modes  will 
ba  persistently  preserved,  especially  the  resonant  amplitude.  Some¬ 
times,  the  fundamental  period  Increases  with  the  increase  in  damping. 
Damping  actually  functions  as  a  low-pass  filter,  filtering  out  some  or 
all  of  the  high-frequency  responses.  In  soils,  the  amount  of  damping 
is  dependent  upon  the  intensity  of  ground  shaking  so  that  the  material 
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damping  increases  with  an  Increase  in  ground  shaking  intensity.  At 
20  percent  damping,  which  for  a  structure  is  usually  considered  high 
or  overdamped,  spectra  have  very  few  distinguishable  peaks. 


NATURAL  FREQUENCIES  (PERIODS)  OF  THE  FOUNDATION  SOILS 


Table  2  summarizes  the  characteristics  of  the  response  spectra  of 
52  daaping  for  L,  V  and  T  components  including  peak  spectral  ampli¬ 
tudes  of  acceleration,  relative  velocity,  relative  dlsplacesient,  and 
major  frequencies  at  the  crest,  right  abutment,  and  downstream  free 
field  sites,  pictured  from  fig.  6-14.  The  amplification  factors 
(ratios)  of  crest  to  abutment,  crest  to  downstream  free  field,  and 
downstream  free  field  to  abutment  are  also  listed. 

The  accelarograph  at  the  right  Abutment  is  located  on  rock.  The 
peak  amplitudes  of  the  eompreasional  (p)  or  dllatational  waves  in  the 
frequency  range  of  above  10  Hz  on  the  absolute  acceleration  response 
spectrum  are  much  larger  on  the  rock  site  than  on  the  soli  site,  such 
that  14.3  Hz,  12.5  Hz,  11.8  Hz;  14.3  Hz,  12.5  Hz,  11.8  Hz;  and 
20.0  Hz,  12.5  Hz  appear  on  the  longitudinal ,  transverse,  and  vertical 
components,  respectively.  The  criterion  used  for  choosing,  major  peak 
frequencies,  is  based  on  the  large  peak  amplitude  in  the  p  and  a  wave 
groups  from  the  absolute  acceleration  and  relative  velocity  response 
spectra.  The  transverse  component  Shows  the  highest  amplitudes  on  all 
predominant  frequencies  (>10  Hz)  among  the  three  components. 

At  the  downstream  free  field  site,  the  main  frequency  (2.5  Hz)  of 
the  shear  wave  dominates  the  longitudinal  (L)  component  (Fig.  12). 

This  is  believed  to  be  the  natural  or  resonant  frequency  of  the  soil 
foundation  for  the  L-component,  because  it  is  not  evident  on  the  spec¬ 
tra  of  the  L-component  on  the  rock  site  (abutment).  Also,  the  peaks 
of  the  five  response  spectra  of  0,  2,  5,  10,  and  20  percent  critical 
damping  are  found  to  be  In  phase.  The  2.5  Hz  is  also  shown  as  the 
predominant  frequency  (distinguished  peak)  on  the  spectra  (a,  v, 
and  d)  of  the  L-component  on  the  crest  of  the  dam;  however,  the  five 
peaks  (approx.  2.5  Hz)  of  0,  2,  5,  10,  and  20  percent  damping  spectra 
are  not  exactly  in  phase  as  shown  in  Fig.  9.  It  was  also  observed 
that  the  natural  periods  shown  on  the  two  spectra  of  10  and  20  percent 
damping  were  larger  than  Che  natural  periods  shown  on  the  spectra  for 
0,  2,  and  5  percent  damping.  Furthermore,  the  spectral  amplitude  at 
2.5  Hz  of  the  L  component  on  the  crest  is  somewhat  less  than  the 
amplitude  of  the  L  component  at  the  downstream  site  due  to  the  attenu¬ 
ation  of  enargy.  Even  though  these  are  the  facts  we  can  not  say  that 
the  2.5  Hz  is  not  the  natural  frequency  of  the  combined  dam-foundation 
system.  After  a  detailed  examination  of  the  response  spectral  fre¬ 
quencies  on  the  curves  of  10  and  202  damping  (Fig.  9b)  of  the 
L-component  on  the  crest,  we  found  an  interference  of  two  other  fre¬ 
quencies  of  2.65  Hz  and  2.29  Hz.  Because  both  frequencies  are  so 
close  to  2.5  Hz;  when  the  damping  ratio  Is  increasing  in  the  response 
spectrum,  the  shape  of  the  spectrum  becomes  more  flat.  Thus,  the  fun¬ 
damental  period  will  be  slightly  shifted  to  the  right.  This  is  due  to 
the  natural  characteristics  of  the  undamped  single  degree  of  freedom 
system,  which  is  a  viscously  damped,  simple  oscillator  subjected  to 
the  baas  motion.  The  largest  spectral  amplitude  ratios  of  downstream 
free  field  to  abutment  for  the  L,  ▼,  and  T  components  are  at  2.5,  3.3, 


and  2.2  Hz,  respectively.  Therefore,  these  are  believed  to  be  the 
natural  frequencies  of  the  foundation  for  these  components. 


NATURAL  FREQUENCY  (PERIOD)  OF  THE  DAM 


Analysis  of  Response  Spectra 

By  comparing  the  shear  wave  spectral  amplitude  ratios  or  amplifi¬ 
cation  factors  from  2.0  to  7.0  Hz  of  the  acceleration,  velocity,  and 
displacement  response  spectra  of  the  L,  V,  and  T  components  on  the 
crest  to  those  at  the  abutment  and  downstream  sites,  one  finds  the 
largest  spectral  amplitude  ratios  on  the  L,  V,  and  T  components  at 
2.5,  4.0,  and  2.2  Hz,  respectively.  Although  the  2.5  Hz  peak  of  the 
longitudinal  component  has  the  largest  spectral  amplitude  on  the 
crest,  it  is  stil.i  less  than  the  spectral  amplitude  at  2.5  Hz  of  the 
L-component  at  the  foundation.  This  was  possibly  caused  by  a  higher 
rate  of  energy  dissipation  for  the  longitudinal  component  of  the  dam's 
vibration  or  by  a  higher  material  damping  which  was  caused  by  the 
stronger  ground-shaking  intensity  for  the  L-component.  The  highest 
peak  spectral  amplitude  at  2.5  Hz  on  the  L-component  has  to  be  the 
fundamental  mode  (natural  period)  for  the  L-component  of  the  dam.  The 
second  highest  acceleration  spectral  amplitude  ratio,  2.7,  of  crest  to 
abutment  on  the  L-component  is  at  4.0  Hz.  This  indicates  that  4.0  Hz 
is  the  second  natural  frequency  for  the  L  component  of  the  dam  since 
it  is  much  higher  than  the  amplitude  ratio  1.7  of  downstream  to  abut¬ 
ment.  The  natural  frequency  (first  mode)  for  the  V  component  is 
4.0  Hz;  this  frequency  shows  the  largest  spectral  amplitude  ratio  on 
both  crest  to  abutment  and  crest  to  downstream.  For  the  T  component 
2.2  Hz  is  the  natural  frequency  for  both  foundation  and  dam;  the  reso¬ 
nant  spectral  amplitude  on  the  crest  is  much  higher  than  on  the  foun¬ 
dation  (downstream  site).  In  conclusion,  the  natural  frequencies  of 
the  Franklin  Falls  Dam  are  2.5  Hz,  4.0  Hz,  and  2.2  Hz  for  L,  V,  and 
T  components,  respectively. 

Shear  Beam  Method 

Gazetas  (1981a,  b,  and  1982)  formulated  the  natural  periods  for 
longitudinal  and  vertical  deformations  of  an  earth  dam  based  on  the 
generalized  homogeneous  equations: 

T  .  -  —  ;  n  -  1,  2,  3,  .  .  .  (1) 

u,  h  n  ^ 

where 

T  .  “  the  natural  period  for  longitudinal  deformations 

T4g  n 

H  “  the  height  of  the  dam 
V  -  the  average  S-wave  velocity  of  the  dam; 
and 

Tn.  v  “  V*"Tn>  h;  >1  -  1.  2.  3,  .  .  .  (2) 

-  5- 


where 


T  -  Che  natural  period  for  vertical  deformations 
n.v 


v  -Poisson's  ratio 


The  average  height  of  the  Franklin  Falls  Dam  la  about  40  m,  and 
the  observed  natural  period  of  the  L-coaponent  is  0.4  sec.  Then,  sub¬ 
stituting  these  two  parameters  Into  Equation  1,  we  obtain  257  m/sec  as 
as  estimate  of  the  average  shear  wave  velocity  In  the  dam. 

If  the  average  Poisson's  ratio  of  the  Franklin  Falls  Dam  is 
assumed  to  be  0.3,  then  in  Equation  3,  X  -  0.35  and  VT  -  0.5916; 
therefore,  substituting  this  in  Equation  2,  we  have 

T,  -  0.5916  *  T,  .  (n  -  1,  normal  mode  of  V-component) 
l,v  l,n 

Since  T,  .-0.4  sec  for  the  L-coaponent,  then 

l,h 

T,  -  0.5916  x  0.4 
l,v 

-  0.24  sec  (4.1  hr) 

Hence,  the  calculated  natural  period,  0.24  sec  (4.1  Hz)  of 
V-component  based  on  the  assumed  v  -  0.3  is  generally  in  agreement 
with  the  observed  natural  period,  0.25  sec  (4  Hz)  of-»V-component  of 
the  Franklin  Falls  Dam. 

Therefore,  based  on  the  measured  natural  period  of  the  horizontal 
component  and  average  height  of  the  dam,  the  average  shear  velocity 
and  Poisson's  ratio  of  the  dan  can  be  estimated.  A  useful  check  on 
this  analysis  could  be  made  by  comparing  the  estimated  values  with  the 
results  of  actual  field  measurement,  so  far  not  available. 
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Ficon  1.  Location  of  the  Franklin  Falla  Du 


figure  2.  Locations  of  eploonter  and  recording  stations 


\ 


TURKISH  NATIONAL  COMMITTEE  FOR 
EARTHQUAKE  ENGINEERING 


THIRTEENTH  REGIONAL  SEMINAR  ON  EARTQUAKE  ENGINEERING 

September  14-24,  1987  -  Istanbul  -  Turkey 


A  GENERAL  PROCEDURE  POE  ESTIMATING  EARTHQUAKE 
GROUND  MOTIONS  PARAMETERS 


I*  PaakmlsTa 


A  general  procedure  for  estimating  earthquake 

j  GROUND  MOTIONS  PARAMETERS 

Z.  Paskaleva 

1 .  Introduction 

The  specification  of  earthquake  ground  notion  characteristics 
for  an  engineering  design  applieatlon  requires  a  careful  evaluation 
of  the  best  available  earth  seienees  and  engineering  data.  Prom 
this  inform t ion,  models  are  developed  to  estimate  ground  motion 
parameters  in  terms  of  the  selsmoteetonlo  province  where  the  earth¬ 
quake  is  expected  to  occur  and  the  frequency-dependent  effects  of 
tLe  earthquake's  source  and  wave  propagation  path.  Adequate  data 
and  fundamental  knowledge  of  the  earthquake  physical  processes  are 
the  keys  for  attaining  a  high  level  of  precision. 

Specification  of  earthquake  ground  notion  characteristics  is 
needed  for  a  wide  variety  of  engineering  designs  applications. 

These  applications  inoludsi 

-  Siting  and  design  of  nuclear  power  plants,  hospitals,  dams, 
sehools,  life  line  systems 

-  City  and  land-use  planning 

-  Disaster  preparedness 

-  Building  oodes 

The  purpose  of  these  pages  is  to  describe  a  general  procedure 
that  can  be  adapted  to  any  application  of  interest. 

The  technical  considerations  that  are  involved  in  defining  the 
seismic  input  for  various  applications  have  been  described  by  a 
number  of  investigators. 
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A  ge neral  procedure  tend  on  these  considerations  is  shown  in 

Tig.  1  and  corresponds  to  ths  following  steps* 

« 

s)  Specification  of  the  location  and  aagnitnde  of  likely  earth¬ 
quakes  on  ths  basis  of  the  historical  selaalelty  and  the  seismoteo- 
tonlc  features  of  ths  area* 

b)  Specification  of  tbs  sits  intensity,  as  Measured  by  peak 
ground  acceleration.  Modified  Mercalli  Intensity,  or  sons  other 
ground-notion  para asters. 

o)  Specification  of  the  details  of  the  earthquake  ground  no¬ 
tion  in  terns  of  a  response  spsotrua  and/or  artificial  tine  history. 

Bach  step  requires  a  careful  evaluation  of  the  best  available 
ground  notion,  earth  sciences,  and  engineering  data  and  development 
of  statistical  and  analytical  Models  for  application  at  the  else 
of  interest. 

2.  Physical  para  as  te  rs  on  ground  notion 

It  is  now  well  known  that  ths  ground  notions  produced  by  earth¬ 
quakes  are  a  complex  function  of  the  teetonlo  province  where  tbs 
earthquake  occurs,  the  earthquake  source  nechanisn,  tbs  source-site 
separation,  and  the  geometry  and  physical  properties  of  the  geo¬ 
logic  structures  traversed  by  the  propagating  body  and  surface 
waves.  The  following  physical  panne  tors  are  the  nost  important  i 

a)  Seismicity  parameters!  selsnio  source  cones,  recurrence 
rates,  upper  bound  magnitude  c 

b)  Source  nanne tarsi  epicenter,  focal  depth,  fualt  type  and 
rupture  length,  magnitude,  selsnie  —moment,  stress  drop  and  effec¬ 
tive  stress  and  eplcentrsl  intensity  L21 

e)  Path  parameters*  tbs  attenuating  effects  of  the  earth's 
crust  and  nantle  on  propagating  oslsnio  waves  t 


d)  Local  site  parame  tarsi  strain  level,  eoil/rock  acoustic 
impedance  contrasts  and  soil  thickness  and  geometry 

We  shall  analyze  these  four  items  separately. 

2.1.  Seismicity  parameters 

-  source  zone 

the  main  parameters  of  souros  sons  are  three  coordinates  A  , 

/  P  h  (depth)  and  magnitude  M.  The  sourse  can  be  considered  as 
point,  linear,  or  volume.  The  effect  of  the  observation  site  is 

4 

described  by  the'  seismic  intensity  1^.  In  the  simplest  case  it  is 
supposed  that  Intensity  depends  only  on  magnitude  U  and  the  hypo- 
central  distance 

I.  =  bM  -yzj 

«(RA)  -  a  function  which  does  not  take  into  account  the  azimuthal 
effects. 

The  above  equation  determines  the  so  called  macroselsmlc  fielo, 
l.e.  a  part  of  the  earth  surface  encircling  tbs  epicentre  where  are 
or  can  be  observed  macroselsmlo  effects.  This  relation  lo  used  in 
order  to  check  the  data  which  should  be  Included  in  a  catalogue. 

-  recurrence  rates 

The  law  of  earthquake  recurrence  KM),  l.e.  with  mean  fre¬ 
quency  of  earthquake  oourrence  with  magnitude  M  and  seismic  acti¬ 
vity  A  for  the  -whole  region  of  the  observed  seismicity  and  not  only 
for  the  maximal  events.  The  two-dimensional  distribution  N(M,A)  is 
a  generalisation  of  the  ordinary  one -dimensional  distribution  N(M) 

-  a  law  of  the  earthquake  recurrence.  Fig.  2. 

-  upper  bound  magnitude 

Mniz  of  rsourrenoe  rates  gives  the  maximal  (observed  or  pos¬ 
sible)  magnitude  for  the  region  under  consideration  as  a  whole.  The 
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recurrence  rate  doee  not  give  any  possibility  to  anewer  the  ques¬ 
tion  where  in  the  region  I^x  can  oocur.  This  poeeibility  is  given 
by  the  relation  -  M^U),  Pig.  3,  which  can  conventionally  be 
called  a  "law  of  the  maximal  earthquakes” . 

2.2.  Source  oaraaetere 

Prom  the  source  parameters  snume rated  in  the  beginning  we 
shall  consider  only  those  that  are  closely  related  with  the  earth¬ 
quake  value: 

-  epicenter  -  by  definition  the  hypocenter  (or  the  focus)  is 

a  point  below  the  ground  surface  where  earthquake-location  calcula¬ 
tions  indicate  that  the  rupture  originated.  The  epicenter  is  the 
vertical  projection  of  the  hypocenter  on  the  ground  surface.  The 
energy  center  is  the  geometrical  center  of  the  ruptured  cone  of 
the  fault.  Por  cases  where  the  rupture  surface  is  of  appreciable 
else,  the  seismic  waves  most  affecting  a  site  nay  originate  from 
points  on  the  rupture  surface  oloser  to  the  site  than  the  hypocen¬ 
ter.  This  could  lead  to  large  errors  in  the  usage  of  point  dis¬ 
tances.  and  for  this  reason,  seismologists  and  engineers  have  pro¬ 
posed  the  use  of  line  or  surface  distances  in  that  sons. 

-  seismic  energy  -  (1)  -  this  is  the  energy  of  the  seismic 
waves  radiated  from  the  eouroe.  The  founder  of  this  notion  is  B. 
Galitsin  (1913).  In  essence  it  1st  In  the  point  of  obeervation  the 
energy  density  of  the  surface  seismic  wares  passing  through  a  unit 
length  is  determined.  The  density  is  Integrated  along  the  entire 
front  with  a  canter  in  the  source  like  a  "point"  source  of  seismic 
radiation  with  a  circular  symmetry.  Taking  also  into  account  the 
absorption  of  the  waves, as  a  result  the  source  energy  is  obtained. 
This  simple  scheme  is  complicated  by  the  need  to  have  in  mind  the 
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medium  inhomogeneity. 

-  magnitude  -  this  la  a  conventional  index  about  the  energy 
released  In  the  source ,  independent  of  the  place  of  observation.  Th 
The  magnitude  is  usually  determined  by  the  recorded  amplitude  for 
a  given  earthquake  at  a  given  distance  as  written  by  the  standard 
type  of  instrument*  and  (AQ)  which  la  the  amplitude  selected  as  a 
standard  for  a  particular  earthquake 

M  «  A  /a„ 

For  local  earthquakes  A  and  Ao  are  measured  in  millmeters  (mm)  and 
the  standard  instrument  is  the  Wood-Anderson  torsion-seismograph 
which  has  a  natural  period  of  0.8  sec*  a  damping  factor  cf  80%  of 
critical  and  static  magnification  of  2800.  A  magnitude  determined 
in  this  way  designates  the  local  magnitude  1^.  For  purposes  of  de¬ 
termining  magnitudes  for  tele seisms*  Gutenberg  and  Richter  devised 
the  surface  wave  magnitude  Ugt  and  the  body  wave  magnitude  The 
local  magnitude  M^  is  determined  at  a  period  of  0,8  sec,  the  body 
wave  magnitude  Mg  is  determined  at  long  period  body  waves  (usually 
between  1-5  seo)  and  Ma  at  a  period  of  20  sec. 

Seismologists  still  make  great  efforts  to  coordinate  the  dif¬ 
ferent  magnitude  seals  a  and  the  formation  of  an  unified  scale.  The 
lack  of  success  is  because  of  the  many  factors  on  which  each  mag¬ 
nitude  depends.  The  most  relevant  to  many  engineering  applications 
is  local  magnitude  1^,  determined  within  the  period  range  of  the 
greatest  engineering  interest  C 5  J  •  Besides  the  advantages  of  the 
magnitude  approach  for  determining  the  earthquake  intensity  it 
also  has  soma  disadvantages*  one  of  which  was  already  mentioned* 
but  the  second  disadvantage  of  the  magnitude  la  its  scalar  character 
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Sarthquaks  1 a  a  complex  of  events  referring  both  to  source  and  to 
ita  occurrence  on  aurfaea.  In  ordar  to  undaratand  an  earthquake 
this  complex  of  composing  events  should  be  modeled.  The  models 
should  be  more  complex  depending  on  the  differentiating  data  which 
should  be  obtained.  The  disadvantages  of  the  scalar  approach  refer 
not  only  to  the  magnitude  but  also  to  the  eeisalo  energy  in  the 
source,  the  maximal  accelerations,  velocities,  displacements,  etc. 

-  seismic  moment  -  MQ.  Another  parameter  referring  to  the 
source  again  in  a  simple  scalar  treatment  is  the  seismic  moment  M0> 
The  physical  sense  of  MQ  is  the  potential  work,  i.e.  the  possible 
energy  which  should  be  spent  for  overcoming  the  friction  force  at 
the  surface  of  faulting  for  displacing  the  banks  at  a  mean  distance 
D  if  the  surface  density  of  these  forces  is  equal  to  the  shear  mo- 
dule  Ji. 

The  parameters  of  tbs  source  are: 
source  length  -  length  of  faulting  I>  oar  R, 
width  of  source  -  V,  area  of  faultily  S-LW  In  the  case  of  a 
rectangle  and  in  the  oase  of  an  ellipse  S  •  &  (L/2)(V/2)«  Taking 
into  account  that  the  width  of  the  actual  faultlngs  in  their  mid¬ 
dle  part  as  a  rule  are  bigger  than  at  the  end,  it  is  sensible  to 
assume  a  variant  ellipse  and  the  seismic  moment  is  recorded 

M„  * Lwv  <f) 

Vhenoe  a  connection  between  the  radius  of  the  circular  faulting 
the  length  L  and  width  V  of  the  source 

(2  £.)Z*LW  <*> 

From  equations  (1)  and  (2)  naturally  arises  the  question 
which  of  these  parameters  should  be  taken  as  initial  and  be  deter¬ 
mined  by  correlation  fields  and  whioh  should  be  determined  by  (1) 
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and  (2).  It  is  necessary  to  check  tho  results  with  other  correla¬ 
tion  fields  in  order  to  avoid  ewident  contradictions  with  the 
available  data. 

The  aim  is  to  introduce  less  ambiguities  with  respect  to  the 
models  and  it  is  natural  to  select  as  initial  parameters  such 
which  are  determined  by  observations  as  magnitude  M  and  the  seismic 
moment  MQ.  It  can  also  be  started  with  L  and  D  which  in  some  cases 
permit  direct  measurements. 

For  the  determination  of  the  correlation  between  the  source 
length  and  the  magnitude  M  after  different  authors.  Pig.  4,  and 
averaged  by  a  relation  given  by  Rianichenko  l6 J  follows 

IgL  [kmj  *  0.5  -  -0.88  ♦  0.37  M 

A  correlation  and  displacement  D  along  the  fault  and  the  magnitude 
M  after  Chinnery  [71  is  given  in  Fig.  5.  Selecting  a  confidential 
interval  68%  the  relation  can  be  written  as  follows* 
lg  D  ccmi  ±  0.4  -  -3.2  +  0.76  U 

It  is  expedient  to  follow  the  series  of  source  parametrs  de¬ 
termination  as  below* 

_7 

1.  A  correlation  between  M  and  MQ  din. cm  •  erg  »  10  D 
lg  M0  ±  0.6  -  15  ~  4  ♦  1.6M  Fig.  6 

After  which  the  parameters  and  V  are  determined 

H.«  [u0/fjrz> 

W  -  2p2/L 

If  it  is  assumed  that  JH  -  3.1011  din/ea2  and  the  above  cor¬ 
relations  for  120.  L  and  D.  it  is  obtained* 
lgR,  I'kmj  -  -1.67  ♦  0.42  M 
lgW  tkaj  -  -1.86  ♦  0.47  M 
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-  stress  drop  a 6  ean  bo  determined  If  MQ  is  known  as  wall  as 
the  geometry  of  the  faulting  surface .  At  a  circular  faulting  with 
a  radius  R.the  stroaa  drop  la  dotoralnod  18 J  t 

7/ A 6  (A/0  /&*) 

In  tho  oaoo  of  a  rectangular  faulting 

tG,  LilhliEMllLt 

(  Llt 

.  At  equal  areas  of  faulting  *  1 M  the  first  formula  gives 

about  twice,  larger  than  the  ones  by  the  second  formula  which 
is  within  the  boundaries  of  precision  when  determining  such  values. 

4€T  Increases  with  depth*  Fig. 7.  The  Increase  of  stress  drop 
with  depth  h  at  one  and  the  sans  magnitude  H  and  moment  Mq  Is  con¬ 
nected  with  the  small  area  of  faulting,  small  displacements  and 
big  friction  under  the  conditions  of  a  big  hydrostatic  pressure. 

2.3.  Path  parameters 

Propagation  path  effeot  Is  a  term  used  to  refer  to  the  trans¬ 
mission  of  seismic  energy  from  the  source  region  to  the  vicinity 
of  the  site.  The  primary  effects  are  associated  with  the  loss  of 
energy  as  the  seismic  waves  propagate  away  from  the  source  region. 
There  are  two  types  of  damping  that  contribute  to  the  loss  of 
energy! 

-  geometric  attenuation  that  results  from  reduction  In  energy 
density  as  the  wave  front  propagates  away  from  the  fault  surfaoe; 

-  internal  damping  due  to  frictional  heat  losses. 

The  type  and  amount  of  attenuation  of  seismic  ground  motion 
depends  on  many  factors,  such  as  the  site  of  the  event,  the  type 
of  fault  aaehanlsm,  transmission  path,  distance  and  local  soil 
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condition  of  the  site.  The  commonly  used  empirical  attenuation  re¬ 
lationship  incorporates  eoae  of  these  parameters  but  generally 
leaves  out  important  variables  such  as  the  azimuth  between  the 
source  and  the  site,  and  the  parameters  that  identify  the  fault 
rupture  mechanism, 

A  commonly  used  empirical  attenuation  function  is 

PGA  »  f(M,  R,  bv  b2,  b3,  e) 
where  R  -  distance  from  the  source  to  the  site 

b1 ,  bg,  b^  -  regression  constants  which  depend  on  the  type 
of  data,  site  condition,  transmission  path 

c  -  saturation  affect  depending  on  magnitude. 

Bsteva  and  Rosenblueth  [9 J  after  considering  data  from  earth¬ 
quakes,  the  propagation  of  elastic  waves  and  the  definition  of  mag¬ 
nitude,  proposed  the  following  general  formula: 

PC  A  „  ■■Lt.-g5.e  iu  M 

where  f  (R)  is  a  function  of  hypocentral  distance  and  has  been 
considered  to  modify  R,  for  better  fitting  data,  obtained  at  short 
eplcentral  distances.  How  seismic  ware  field  at  distances  greater 
than  souroe  sites  has  been  studied  rather  well.  Even  a  selective 
analysis  of  rather  limited  data  concerning  ground  motions  near 
seismic  sources,  surfaee  faults,  aftershock  fields  and  space  dis¬ 
tribution  of  seismic  effect  demonstrates  insufficient  validity  of 
accepted  theoretical  models.  Real  quantitative  seismic  models  can 
be  eompilated  only  on  the  basis  of  experimental  data  concerning  th 
sizes  and  geometry  of  sources,  oharacter  of  rupture  propagation  In 
the  earth  crust  material  peculiarities  of  generation  and  space 
distribution  of  short  period  vibrations  near  real  extent  sources. 
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*hs  curves  of  peak  ground  moo  ele  rat  lotto  with  distance  from 
fault  S  are  shown  in  Pig.  8.  This  figure  demonstrates  a  weak  de¬ 
pendence  of  PSA  on  source  sises  and  magnitudes  in  aearfleld  zones. 
While  rupture  propagating  in  the  non-homogene ous  earth  crust  ma¬ 
terial  the  inorease  of  intensity  of  high  frequency  radiation  occurs 
(the  possibility  of  vibrations  accelerations  on  account  of  the 
local  soil  surface  conditions  should  be  rejected)  owing  to  the  des¬ 
truction  of  solid  barriers  or  great  local  friction  [10J  .  The  rea¬ 
son  of  occurrence  of  a  vibrational  type  of  Bolsmio  motion  near  a 
fault  can  be  explained  by  irregular  fault iz^.  Intensity  of  high 
frequency  vibrations  Increases  whsn  source  complicacy  Increases 
too.  The  amplitude  level  of  vibrations  depends  on  the  level  of 
stress  with  rupture  starting.  The  amplitude  of  ground  accelerations 
and  the  attenuation  of  PGA  with  distance  are  higher  for  thrust 
and  overthrust  than  for  strike-slip  type  faulting.  Pig.  9.  The 
dependence  amplitude  of  PGA  on  magnitude  for  fixed  distances  R 
from  surface  fault  area  are  shown  in  Pig.  D>. 

2.4.  Local  alts  Influence 

Multilayers  ground  deposit  oan  be  considered  as  multichannels 
filier  with  frequency  response  depending  on  the  ratio  between  wave 
length  A  and  layer  thickness  H.  Ths  ground  deposit  influence  on 
elastic  vibrations  in  tbs  interval  of  length  of  waves  20-30H 

The  model  of  horizontal  layers  is  not  valid  for  the  description  of 
tbs  behaviour  of  soil  deposits  with  a  curvilinear  lower  boundary 
of  the  mountain  valley  type.  Values  of  amplification  of  amplitude 
vibrations  ?a  and  that  of  time  duration  dt  considerably  depends 
on  sslsmie  contrast  dssorlbed  by  ratios  p0V0/p1V1  mors  than  on 
geometry  of  valley  £12  1  • 
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*here  vj  is  the  rigidity  of  rooky'  basement  ^  io  the 

rigidity  of  valley  ground,  ii4  is  a  spectral  amplification.  These 

/ 

characteristic a  can  be  used  for  the  foreeast  of  behaviour  of  valley 
and  eel sale  micro conation. 

The  inelastic  behaviour  of  soft  ground  during  strtag  earth¬ 
quakes  are  observed  often  in  the  epleentral  cones,  a  weak  increase 
of  amplitudes  and  time  duration  of  short  period  vibrations  of  soft 
grounds  comparatively  with  solid  grounds  can  be  greatly  explained 
by  an  inelastic  behaviour  of  soft  grounds. 

By  the  strong  wava  propagation  through  porous  water  saturated 
sediments  the  growth  of  effective  stress  and  liquefaction  of  loose 
uncoheslve  grounds  occur.  The  value  of  liquefaction  threshold  de¬ 
pends  on  dimensions  of  grains,  density,  level  of  water  saturation 
and  thickness  of  loose  soil  layer. 

A  summary  of  the  effect  of  each  physical  parameter  on  ground 
motion,  its  uncertainty  and  functional  dependence  is  given  la 
Table  1. 

3.  Summary  of  current  design  praotloe 

Current  earthquake -resistant  design  praotloe  uses  the  following 
besie  engineering  parameters!  duration,  peak  value*,  predominant 
period,  spectral  curves,  time  histories. 

3.1.  Duration 

In  spite  of  the  vital  importance  of  this  parameter  in  the 
dynamic  analysis  of  a  nonlinear  system  no  single  definition  has  yet 
been  generally  adopted.  The  duration  of  an  earthquake  increases 
with  magnitude,  and  for  a  given  value  of  M  decreases  with  the  fo- 


cal  distance  and  thickness  of  the  soil  deposit. 

Several  definitions  of  the  concept  of  duration  as  a  function 
of  the  parameters  of  Instrumental  recordings  have  evolved  in  recent 
years.  Due  to  the  lack  of  agreement  on  the  concept  of  duration 
during  the  last  decade  sons  researchers  have  investigated  on  the 
use  of  nore  consistent  definitions  related  to  the  "effective  dura¬ 
tion"  which  corresponds  to  the  sons  of  alnost  linear  increase  of 
areas  intensity 

la  * 

where  -  recording  tine.  Fig.  10.  This  duration  characterises 

that  part  of  the  accelerogram  in  which  the  level  of  shaking  is  con¬ 
stant  and  in  general  Is  smaller  than  the  significant  duration. 

3.2.  Peak  ground  acceleration  amx  is  still  the  most  widely 
used  parameter  for  seismic  design  of  structures  as  a  measure  of  the 
lateral  forces  on  a  structure  for  high  frequency  systems.  In  the 
design  practice  it  is  assumed  that  the  PGA  in  the  two  horlsontal 
durations  are  equal  and  that  the  max  vertical  acceleration  is  at 
least  2/3  (two  thirds)  of  PGA  in  horlsontal  duration. 

The  ratio  fia  of  mean  PGA  on  different  sites  and  on  rook  esti¬ 
mated  by  different  authors  £13.  H]  shows  that  the  amplification 
factor  Sa  increases  with  the  eplo antral  distance  regardless  of 
the  type  of  soil,  Fig.  It.  In  the  near  field  it  seems  that  there 
is  no  variation  of  PGA  with  magnitude. 

3.3.  Peak  around  velocity  -  is  a  parameter  useful  to 
characterise  the  dynamic  behaviour  of  intermediate  period  struc-  { 
tures,  neither  very  rigid  nor  very  flexible,  for  which  PGA  and  PG 

j 
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displacements  are  better  indicators.  To  estimate  the  v _  for  a 

max 

given  local  subsurface  conditions  there  are  less  relationships 
available  than  in  the  ease  of  accelerations.  Fig.  12  displays  gra¬ 
phically  the  criteria  proposed  by  Ambraseya  and  Batova  and  Villa- 
verde  in  this  regard. 

3.4.  Peak  ground  displacement  -  dmax.  This  parameter  is  rarely 
reported  in  the  literature.  On  the  basis  of  187  accelerograms 
Trifunac  and  Bready  proposed  a  relationship  as  follows: 

'  H 

where  DC(R)  and  dQ(M)  are  soil-dependent  functions.  Peak  displace¬ 
ments  are  most  affected  by  local  subsurface  conditions. 

3*5.  Pro doming*  period  -  Tp  -  this  is  the  period  at  which 
acceleration  reaches  its  maximum  value.  It  is  normally  obtained 
from  the  response  spectrum.  Fig.  13  shows  notions  in  rock.  It  is 
seen  that  the  predominant  period  increases  with  the  distance  to 
the  energy  center  and  the  magnitude.  At  soft  sites  the  period  in¬ 
creases  with  the  thickness  of  the  alluvium,  due  to  the  low-pass 
filtering  effect  exerted  by  the  soil  over  the  transmission  of  the 
waveat 

3.6.  Spectral  curves 

Site -Independent  earthquake  response  spectra  are  used  in 
most  design  applications.  These  smooth  broad-band  spectra  have 
control  points  that  are  based  on  statistical  analysis  of  actual 
response  spectra  derived  from  representative  accelerograms.  These 
spectra  represent  the  mean-plus-  aC  level  of  the  data  sample  and 
are  considered  to  be  applicable  for  moot  sites  because  of  the  con¬ 
servatism  and  the  wide  range  of  seismologloal,  geologic  and  loccl 
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soil  conditions  represents d  in  the  data  sample.  Tbs  exceptions  are 
sites  which  are  relatively  close  to  the  epicenter  of  a  design  earth¬ 
quake  and  sites  which  have  physical  characteristics  that  could  sig¬ 
nificantly  affect  the  spectral  composition  of  the  ground  motion. 

In  these  two  cases,  appropriate  site -dependent  response  spectra 
are  developed,  4£. 

3.7.  Design  time  histories 

Time  hlstoriss  of  acceleration,  velocity  and  displacement  are 
typically  used  to  analyze  the  dynamic  response  characteristics  of 
important  structure  (nuclear  power  plants,  dams).  At  the  present 
time,  no  truly  adequate  model  exists  for  analytically  computing 
the  accolsration  time  histories  for  arbitrary  source-site  configu¬ 
rations.  Therefore,  current  design  practice1  requires  that  the  de¬ 
sign  time  history  produce  a  response  spectrum  that  exceeds  the 

• 

smooth  design  response  spectrum  at  all  frequencies  and  account  for 
the  maximum  ground  shaking  parameters  (PGA  and  duration  of  shak¬ 
ing). 

4.  Conclusions  and  research  trends  for  the  future 

There  is  little  doubt  that  the  current  empirical  techniques 
for  defining  earthquake  ground  motions  will  be  refined  and  im¬ 
proved  in  the  future  as  improved  data  bases  evolve,  as  fundamental 
knowledge  of  basic  earthquake  effects  increases,  and  as  capability 
to  model  (analytically  and  probabilistically)  improves.  The  "ideal" 
data  base  (111  should  contain  the  following  Information  about  the 
site  and  the  region  surrounding  its 

A)  Seismicity  parameters 

For  all  reported  earthquakes  there  should  be  prepared!  a  lo¬ 
cation  map,  a  catalogue  with  the  information  about  epicenters, 


i 
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focal  dapth,  source  mechanism  and  dimensions,  magnitude,  etrees 
drop,  seismic  moment,  and  rupture  velocity,  recurrence  relatione 
for  the  region  and  for  well-defined  seismic  source  zones  without 
the  region. 


Maps  with  selsmotectonic  provinces  and  locations  of  capable 
faults.  Information  about  each  province  as  -  geometry,  type  of 
movement,  temporal  history  of  each  fault,  and  the  correlation  with 
historic  and  Instrumental  epicenters. 

C.  Seismic  attenuation  function 

Isoselsmal  maps  of  significant  historic  earthquakes  accuracy 
in  the  region. 

Attenuation  of  intensity  or  PGA  with  distance  and  magnitude 
and  their  statistical  distribution. 

Frequency-dependent  distance  scaling  relatione  and  their  sta¬ 
tistical  distribution. 


Ensembles  of  strong  ground  motion  records  sufficient  for  cali¬ 
brating  the  near  field  ground  motion  with  respect  to  intermediate 
and  far-field  ground  motions  which  may  affect  the  . 


Strong  ground  motion  records  at  surface  and  subsurface  loca¬ 
tions  for  a  wide  range  of  input  ground  motion  strain  levels. 

Information  on  the  static  end  dynamic  properties  of  the  near- 
surface  soils  and  rock  formations  like  shear  wave  velocities,  bulk 
densities  and  water  saturation. 
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EFFECTS  OF  LIQUEFACTION  ON  BURIED  STRUCTURES 


1 .  INTRODUCTION 

During  large  earthquakes  in  the  past,  the  liquefaction  of  sandy  ground 
has  been  one  of  the  main  causes  of  damage  to  various  types  of  struc¬ 
tures  such  as  bridges,  embankments,  buildings,  houses  and  lifeline 
facilities.  Since  1964,  when  both  the  Niigata  earthquake  devastated 
Niigata  City,  particularly  because  of  soil  liquefaction,  and  the  Alaska 
earthquake  caused  a  vast  area  along  the  Paclfflc  coast  near  Valdez  City 
to  slip  into  the  sea  due  to  liquefaction,  the  effect  of  liquefaction 
has  been  recognized  as  one  of  the  most  important  factors  to  consider  in 
designing  earthquake  resistant  structures  and  numerous  pertinent 
studies  have  been  conducted  on  the  mechanism  of  such  liquefaction. 
Particularly,  the  factors  which  influence  the  occurrence  of  liquefac¬ 
tion,  such  as  th»  .vain  size  of  the  soil,  the  water  level,  and  the 
intensity  of  th«.  'hquake,  have  been  analyzed. 

Based  on  the  result  of  these  studies  it  has  become  possible  to  predict 
the  probability  of  liquefaction.  Some  practical  methods  for  the  predic¬ 
tion  of  liquefaction  were  proposed  and  have  been  applied  to  planning 
measures  to  reduce  earthquake  hazards  in  urban  areas.  It  can  be  said 
that  at  this  time  we  can  predict  the  areas  of  liquefaction  and  its  de¬ 
gree  with  a  certain  level  of  accuracy  by  determining  the  soil  condi¬ 
tions  and  expected  Intensity  of  the  earthquake  motion.  To  reduce  earth¬ 
quake  hazards  In  areas  which  have  a  high  probability  of  liquefaction, 
various  kinds  of  countermeasures  have  been  adopted,  such  as  flexible 
joints  for  buried  pipelines,  gravel  drainage  around  manholes,  strength¬ 
ening  of  foundations  of  buildings,  etc. 

These  countermeasures  are  thought  to  have  a  considerable  effect  in 
reducing  damage  due  to  liquefaction.  However,  the  effects  have  not 
been  evaluated  quantitatively,  the  reason  being  that  the  behavior  of 
the  liquefied  soil  layer  and  its  effects  on  the_ deformation  and  behavior 
of  structures  have  not  been  investigated  enough'. 

Actually,  it  seems  very  difficult  to  discuss  the  behavior  of  the  lique¬ 
fied  layers  and  their  effects  quantitatively,  but  investigating  these 
problems  is  essential  for  establishing  really  useful  countermeasures 
against  liquefaction.  And  so,  my  lecture  shall  focus  on  the  liquefac¬ 
tion-induced  effects  on  structures,  especially  on  the  buried  facilities 
of  urban  lifelines. 

2.  EFFECTS  OF  LIQUEFACTION  ON  STRUCTURES 

The  damage  to  structures  caused  by  liquefaction  Includes  the  following: 

(1)  Settlement  and  tilting  of  structures  due  to  reduction  in  the 
bearing  capacity  of  the  foundation  soil. 

( 1 i )  Floating  of  underground  structures  in  the  liquefied  soil  layer 
due  to  buoyancy. 

i 

(ill)  Failure  of  retaining  walls,,  quaywal Is,  etc.,  due  to  large  in¬ 
creases  in  earth  pressure. 


( 1 v)  Failure  of  earth  structures  such  as  embankments  due  to  decreases 
in  the  strengths  of  sandy  oil  materials. 

(v)  Damage  due  to  permanent  ground  displacement  such  as  lateral 
spreading,  slippage  and  cracks. 

Structural  damage  due  to  permanent  ground  displacement,  which  was 
observed  during  two  earthquakes  in  Japan,  the  1964  Niigata  quake  and 
the  1963  Nihonkal-Chubu  earthquake  Is  discussed  precisely  In  u3.  PER¬ 
MANENT  GROUND  DISPLACEMENT  AND  ITS  RESULTANT  DAMAGE." 

In  this  chapter,  the  first  four  types  of  damage  by  liquefaction  will 
be  outlined  using  some  actual  examples. 

Settlement  and  tilting 

The  liquefied  soil  layer  loses  a  great  deal  of  its  bearing  capacity 
because  of  increases  in  the  pore  water  pressure.  Structures  and  facil¬ 
ities  without  piles  or  caissons,  which  are  not  founded  on  a  stable  soil 
layer,  may  sink  and/or  incline  due  to  the  decrease  of  the  bearing 
capacity.  Photograph  1  shows  a  typical  example  of  this  type  of  damage, 
a  four-story  building  without  piles  that  collapsed,  as  a  result  of  the 
1964  Niigata  earthquake.  Photograph  2  shows  another  example,  tilted 
water  tank  due  to  liquefaction  and  the  spouted  sand  can  be  found  around 
its  foundation. 

Most  residential  houses  and  lightweight  facilities  are  directly  based 
on  the  ground  surface  without  piles  and  so  many  cases  of  damage  have 
been  reported  in  the  liquefied  area  during  past  large  earthquakes. 
However  if  structures  are  supported  on  stable  foundations  such  as  piles 
or  caissons,  damage  either  is  very  light  or  does  not  occur. 

Photograph  3  shows  an  example  of  an  undamaged  frame  for  an  above-ground 
pipeline  with  foundation  piles  in  a  liquefied  area,  where  some  sand 
volcanoes  can  be  seen. 

Floating  of  underground  structures 

Photograph  4  shows  a  floating  sewage  tank  caused  by  the  1983  Nihonkai- 
Chubu  earthquake.  If  the  apparent  unit  weight  of  underground  structures 
is  less  than  that  of  the  liquefied  soil,  around  1.7  to  1.8  t/m3,  the 
structures  will  be  caused  to  float  by  the  buoyancy  of  the  liquefied 
soil.  During  past  earthquakes  it  was  reported  that  numerous  manholes 
of  sewage  lines  and  buried  cables  of  electric  and  telecommunication 
floated  up.  As  countermeasures  against  such  floating,  the  improvement 
of  the  surrounding  ground,  gravel  drainage  and  the  weighting  of  struc¬ 
tures  have  been  proposed. 

Failure  of  retaining  walls  and  guaywalls  due  to  increases  in  earth  pres¬ 
sure 

Many  cases  of  failure  of  retaining  walls  and  quaywalls  due  to  liquefac¬ 
tion  of  the  back-filled  materials  have  been  reported.  Photograph  5  is 
an  example  of  collapsed  quaywalls  in  Akita  harbour  during  the  1983 
Niiionkal-Chubu  earthquake.  The  quaywalls,  which  were  constructed  of 
steel  sheet  piles,  completely  collapsed.  Some  volcanoes  and  boiling 
sand  can  be  found  behind  the  concrete  apron.  Generally,  In  the  practi¬ 
cal  design  of  quaywalls,  the  stability  is  examined  by  considering  thp 
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active  earth  pressure  as  an  external  force  on  the  landward  side,  as  well/ 
as  the  passive  earth  pressure  on  the  seaward  side.  If  the  backfill 
material  on  the  landward  side  is  liquefied,  the  earth  pressure  increases 
largely  from  the  value  of  the  active  earth  pressure.  The  coefficient  of 
active  earth  pressure  is  generally  below  0.5  but  that  of  the  liquefied 
soil  layer  is  about  l.Q.  In  some  cases,  to  prevent  liquefaction,  back¬ 
fill  material  wi^h  a  high  permeability  such  as  gravel  is  used  and/or 
the  compaction  Is  conducted  insufficiently. 

Failure  of  earth  structures 


Photographs  6  and  7  show,  typical  examples  of  failure  of  embankments  for 
roads  and  railways,  respectively,  caused  by  the  1983  Nihonkai-Chubu 
earthquake.  Failure  of  earth  structures  such  as  embankments  is  the  most 
common  damage  due  to  liquefaction.  The  decrease  of  the  effective  stress 
by  an  increase  of  the  pore  water  pressure  results  in  a  great  loss  of  the 
strength  by  the  soil. 

3.  LIQUEFACTION- INDUCED  PERMANENT  GROUND  DISPLACEMENT  AND  ITS  RESULTANT 
DAMAGE 

Recently,  large  permanent  ground  displacement  caused  by  liquefaction  has 
been  recognized  as  one  of  the  main  factors  governing  damage  to  struc¬ 
tures  during  past  earthquakes,  in  addition  to  the  four  types  of  damage. 

During  the  1964  Niigata  earthquake,  a  large  area  along  the  Shinano  River 
slipped  toward  the  river  with  a  horizontal  magnitude  above  8  m.  Also, 
during  the  1983  Nihonkai-Chubu  earthquake  a  residential  area  on  a  sand 
dune  slope  with  a  slight  gradient  below  3%  suffered  lateral  spreading 
with  a  magnitude  of  5  m.  Furthermore,  in  the  United  States,  some  in¬ 
stances  of  large  permanent  ground  displacement  have  been  reported. 

During  the  1971  San  Fernando  earthquake,  a  gently  sloped  ground  surface 
in  the  vicinity  of  the  upper  Van  Norman  Lake  slid  2  to  3  m  toward  the 
lake  due  to  the  liquefaction  of  a  loose,  silty  sand  layer.  Another 
example  of  permanent  ground  displacement  was  reported  in  a  reclaimed 
area  of  San  Francisco  during  the  1906  San  Francisco  earthquake. 

From  the  examinations  into  the  damage  to  structures  in  the  liquefied 
area  during  these  earthquakes,  it  can  be  assumed  that  a  considerable 
part  of  the  damage  was  caused  by  large  permanent  ground  displacement. 
Therefore,  in  the  earthquake  resistant  design  of  structures  on  and  in 
ground  with  a  high  probability  to  be  liquefied,  it  is  necessary  to  take 
large  permanent  ground  displacements  into  consideration  in  addition  to 
the  effects  of  liquefaction  mentioned  in  Chapter  2. 

In  this  chapter,  some  examples  of  permanent  ground  displacement  during 
two  earthquakes  in  Japan  and  their  resultant  damage  to  foundation  piles, 
etc.,  shall  be  outlined. 

Permanent  ground  displacement  and  its  resultant  damage  during  the  1964 
Niigata  earthquake  C  _  *  2 

On  June  16,  1964,  the  Niigata  earthquake,  with  a  magnitude  of  7.5  oc¬ 
curred  In  the  Japan  Sea  about  50  km  off  Niigata  City.  In  the  area  along 
-the  Shinano  River  In  Niigata  City,  buildings,  bridges,  oil  storage 
tanks,  lifeline  facilities,  etc.,  were  extensively  damaged  by  soil  liq¬ 
uefaction. 
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The  permanent  ground  displacement  was  measured  by  comparing  two  aerial 
surveys  using  photographs  taken  before  and  after  the  earthquake.  The 
ground  displacement  can  be  measured  by  subtracting  the  coordinates 
obtained  by  the  post-earthquake  survey  from  those  of  the  pre-earthquake 
survey. 

The  point  where  ground  displacement  were  measured  were  selected  at  the 
sites  of  manholes,  cadastral  boundary  stones  and  corners  of  drainage 
channels,  which  are  fixed  on  the  ground  surface  and  which  can  be  found 
in  both  pre-  and  post-earthquake  photographs.  The  accuracy  of  the 
measurement  was  estimated  as  ±72  cm  in  the  horizontal  direction. 

Figure  1  shows  the  horizontal  vectors  of  the  permanent  ground  displace¬ 
ments  along  with  the  ground  failures,  such  as  sand  boiling,  and  cracks. 
The  permanent  ground  displacement  is  large  along  the  Shinano  River, 
with  a  maximum  displacement  of  above  8  m  in  the  proximity  of  the  Hakusan 
power  substation  and  on  the  left  bank  near  the  Bandai  Bridge.  The 
directions  of  the  horizontal  vectors  of  the  displacements  are  almost 
perpendicular  to  the  river. 

The  results,  shown  in  Figure  1,  show  that  the  river  width  was  greatly 
reduced  by  the  earthquake.  To  verify  this  fact,  an  aerial  photograph 
survey  was  performed,  paying  attention  to  the  river  widths  before  and 
after  the  earthquake.  The  width  reduction  was  obtained  by  subtracting 
the  river  width  measured  from  the  aerial  photograph  taken  in  1975,  by 
which  time  the  revetment  had  been  completely  restored,  from  that  meas¬ 
ured  from  the  aerial  photograph  taken  before  the  earthquake. 

Figure  2  shows  the  reduction  of  the  river  width.  Between  the  Bandai 
Bridge  and  the  Yachiyo  Bridge,  where  large  permanent  ground  displace¬ 
ments  occurred  on  both  banks,  the  river  width  was  reduced  by  16  to  23. 

Photograph  8  shows  the  left  bank  of  the  Bandai  Bridge  before  and  after 
the  earthquake.  Photo  (a)  was  taken  in  1962,  two  years  before  the 
earthquake,  while  photo  (b)  was  taken  in  1971,  by  which  time  the  embank¬ 
ment  had  been  completely  restored.  By  comparing  these  photographs,  it 
can  be  seen  that  the  embankment,  which  was  straight  before  the  earth¬ 
quake,  became  curved  at  the  bridge  abutment  after  the  earthquake.  This 
shows  that  in  the  vicinity  of  the  abutment,  the  permanent  ground  dis¬ 
placements  were  reduced  because  of  the  high  rigidity  of  the  Bandai 
Bridge,  a  stone  masonry  arch  bridge. 

Kawamura,  et  al  reported  on  the  damage  to  the  RC  piles  of  a  building 
(shown  as  N  Bldg,  in  Figure  1)  located  north  of  Niigata  Railway  Station, 
which  were  found  when  the  foundation  was  excavated  for  construction  of 
the  basement  in  1985,  about  twenty  vears  after  the  earthquake. 

As  shown  in  Figure  3  and  Photograph  9,  the  piles  were  found  to  be  broken 
at  two  positions,  2.5  to  3.5  m  from  the  upper  end  and  2.0  to  3.0  m  from 
the  bottom.  From  the  damage,  the  horizontal  deformation  of  the  pile 
was  estimated  to  be  1.0  to  1.2  m,  as  shown  in  Figure  2. 

The  magnitude  of  the  permanent  ground  displacement  In  this  area  is  1  to 
2  m  as  shown  in  Figure  1,  and  coincides  well  with  the  pile  deformation. 
Furthermore,  the  direction  of  the  ground  displacement  vector  is  south¬ 
easterly,  that  Is,  toward  the  Niigata  Railway  Station,  and  is  almost 
the  same  as  that  of  the  pile  deformation  shown  in  Figure  2.  Therefore, 
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It  can  be  assumed  that  the  permanent  ground  displacements  were  the  cause 
of  the  damage  to  the.  piles. 

Figure  4  shows  one  example  of  subsurface  soil  condition  along  the  sec¬ 
tion  line  C-C'  shown  In  Figure  1  and  liquefied  layers  estimated  by  the 
Factor  of  Liquefaction  Resistance  F{_  proposed  by  TatSuoka  et  al.  The 
soil  layer  with  Fj.  less  than  1.0  was  considered  to  have  been  liquefied. 

As  mentioned  previously,  large  penrianent  ground  displacements  toward 
the  river  occurred  on  both  banks.  From  the  soil  profile  in  this  area 
(Figure  (a)),  the  depth  of  the  liquefied  layer  Increases  suddenly  to¬ 
ward  the  river  center  and  the  lower  boundary  face  of  the  liquefied 
layer  is  sloped.  It  can  be  assumed  that  the  magnitude  of  the  permanent 
ground  displacements  depended  on  the  thickness  and  the  Inclination  of 
the  liquefied  layer  and  also  on  the  topographical  condition  of  the  ex¬ 
isting  revetment. 

About  300  m  from  the  river  toward  Niigata  Railway  Station,  permanent 
ground  displacements  of  1  ,to  2  m  occurred  in  the  direction  away  from 
the  river  (as  shown  in  Figure  (b)).  The  ground  surface  In  this  area  Is 
flat,  but  the  lower  boundary  face  of  the  liquefied  layer  is  estimated 
to  be  sloped  with  a  small  gradient  of  2-3%  toward  Niigata  Station.  For 
this  reason,  the  permanent  ground  displacements  in  this  area  were  in 
the  direction  away  from  the  river. 

Permanent  ground  displacement  during  the  1983  Nlhonkal-Chubu  earthquake 

The  Nlhonkal-Chubu  earthquake,  with  a  magnitude  of  7.7,  occurred  in  the 
Japan  Sea  about  90  km  west  of  Aomori  Prefecture  on  May  26,  1983,  causing 
severe  damage  to  the  coastal  area  of  the  northern  part  of  the  main  is¬ 
land. 

Figure  6  shows  one  example  of  permanent  ground  displacement  measured  by 
using  aerial  photographs  taken  before  and  after  the  earthquake  in  the 
northern  part  of  Noshlro  City,  where  most  of  the  urban  area  is  built  on 
sand  dunes  along  the  Japan  Sea  coast  and  the  alluvial  plane  of  the 
Yoneshlro  River.  Houses,  buildings  and  lifeline  facilities  sustained 
severe  damage,  especially  because  of  liquefaction. 

The  method  of  measurement  is  almost  the  same  as  In  the  case  of  the 
Niigata  earthquake.  The  accuracy  of  the  measurement  was  estimated  with¬ 
in  ±17  cm  in  the  horizontal  direction. 

As  shown  in  Figure  5,  permanent  ground  displacements  were  dominant  in 
the  west  side  of  the  Noshiro-Oga  Road,  which  is  gently  sloped,  and  forms 
the  transition  area  between  the  sand  dunes  and  the  alluvial  plane.  The 
displacement  started  from  halfway  down  the  sand  dune,  Sunadome  Hill, 
and  extended  for  about  800  m  in  a  northerly  or  northeasterly  direction. 
The  maximum  horizontal  displacement  In  the  northern  area  reached  about 
3  m,  in  the  graveyard  of  Aoba-cho.  The  directions  of  the  displacement 
are  almost  perpendicular  to  the  cracks  on  the  ground  surface.  Photo¬ 
graph  10  shows  one  example  of  cracks  In  the  road  leading  to  the  grave¬ 
yard  In  Aoba-cho,  where  the  maximum  horizontal  displacement  was  3.0  m. 

On  the  other  hand,  the  permanent  ground  displacements  in  the  east  side 
of  the  Noshiro-Oga  Road,  which  is  mostly  flat  and  Is  located  on  the  al¬ 
luvial  plane,  were  very  small,  at  less  than  1.0  m. 
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Figure  6  shows  one  example  of  the  subsurface  soil  conditions  along  a 
section  line,  shown  In  Figure  4  (7-7'),  and  the  estimated  liquefied 
soil  layers.  The  liquefied  soil  layers  were  estimated  by  calculating 
the  Factor  of  Liquefaction  Resistance  Fl*  From  the  figure  It  was  found 
that  a  liquefied  layer  with  a  thickness  of  2-5  m  exists  under  the 
slightly  sloped  ground  surface.  Near  the  toe  of  the  slope  where  the 
liquefied  layers  become  thinner  and  the  ground  surface  Is  flat,  the 
permanent  ground  displacements  become  smaller.  Therefore,  the  gradient 
of  the  ground  surface  and  the  thickness  of  the  liquefied  layer  can  be 
considered  as  Influential  factors  acting  on  the  magnitude  of  the  dis¬ 
placement. 

Factors  Influential  to  the  Magnitude  of  Permanent  Ground  Displacement 

The  types  of  permanent  ground  displacements  caused  by  soil  liquefaction 
during  the  1964  Niigata  and  1983  Nlhonkal-Chubu  earthquakes  can  be  sum¬ 
marized  as  shown  In  Figure  7.  Case  A  ct.-picts  the  type  of  the  displace¬ 
ments  that  occurred  In  Noshlro  City;  the  ground  surface  Is  slightly 
Inclined  and  the  liquefied  layer  exists  along  the  surface.  Cases  B  and 
C  depict  the  types  found  In  Niigata  City.  Case  B  shows  that  the  ground 
surface  Is  flat  on  the  land  but  has  an  abrupt  vertical  discontinuity  at 
revetments  of  the  river,  and  the  lower  boundary  face  of  the  liquefied 
layer  Is  Inclined  towards  the  river  center.  Case  C  was  found  In  the 
area  around  the  Niigata  Railway  Station  where  the  ground  surface  Is 
almost  horizontal  but  the  lower  boundary  face  of  the  liquefied  layer  Is 
Inclined. 

Figure  8  shows  that  the  correlation  of  the  magnitude  of  the  permanent 
ground  displacement  with  the  thickness  of  the  liquefied  layer  is  com¬ 
paratively  high.  The  result  shown  in  Figure  7,  which  includes  the  data 
from  the  1971  San  Fernando  earthquake  in  the  U.S.A.,  suggest  that  the 
thickness  Is  one  of  the  factors  governing  the  magnitude  of  permanent 
ground  displacements. 

Figure  9  shows  the  relationship  between  the  ground  surface  gradient  and 
the  magnitudes  of  the  permanent  ground  displacements.  Although  there 
are  some  contradictions  among  the  data  obtained  from  the  three  earth¬ 
quakes,  It  can  be  concluded  that  the  larger  the  gradient  of  the  ground 
surface,  the  larger  the  magnitudes  of  the  permanent  ground  displace¬ 
ments. 

Figure  10  shows  the  relationship  between  the  gradient  of  the  liquefied 
layer's  lower  boundary  face  and  the  magnitude  of  the  permanent  ground 
displacements.  In  the  case  of  the  Niigata  earthquake,  the  magnitude  of 
displacement  shows  some  correlation  with  the  gradient,  but  no  apparent 
correlation  can  be  found  for  the  Nlhonkal-Chubu  earthquake  (shown  as 
Noshlro  in  the  figure).  The  reason  for  this  may  be  due  to  the  fact 
that  most  of  the  liquefied  layer's  lower  boundary  face  In  Noshlro  is 
nearly  horizontal  and  the  magnitude  of  the  displacements  were  mainly 
governed  by  the  gradient  of  the  ground  surface. 

Based  on  the  study  of  the  Influential  factors  to  the  magnitude  of  the 
permanent  ground  displacement,  the  following  regression  formula  was 
obtained: 


•  0  *  0.75  •  VW  •  VT 

r 

i 
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Figure  11  shows  a  comparison  between  the  permanent  ground  displacements 
estimated  by  the  above  formula  and  the  measured  values.  Host  of  the 
data  are  within  the  two  dotted  lines  In  the  figure  which  show  the  range 
In  which  the  estimated  displacements  are  1/2  to  twice  the  measured 
values. 

4.  COUNTERMEASURES  AGAINST  LIQUEFACTION 

The  countermeasures,  whidh  have  been  adopted  practically.  Is  classified 
Into  following  two  categories: 

(1)  Prevention  of  occurrence  of  liquefaction 

*  . 

(11)  Reduction  of  effect  of  liquefaction  on  structures 
Prevention  of  occurrence  of  liquefaction 


The  countermeasures  for  the  first  category  can  be  grouped  as  follows  by 
the  principles  of  preventing  liquefaction  from  occurring. 


(a)  Increase  the  density  of  soil 

(b)  Replace  sandy  soil 

(c)  Soil  solidification 

(d)  Lower  the  ground  water  level 

(e)  Dissipate  pore  water  pressure 

(f)  Prevent  shearing  deformation  and  lateral  spreading  of  soil  layer. 

\ 

Among  the  above-mentioned  countermeasures,  the  most  popular  method  Is 
>  by  increasing  the  soil  density.  Various  ways  of  Increasing  soil  density 

have  been  developed,  such  as  the  sand  compaction  method,  the  vibroflota- 
tion  method,  the  dynamic  compaction  method,  etc.,  and  they  have  been 
employed  in  actual  constructions.  The  sand  compaction  method  is  gener¬ 
ally  adopted  in  Japan  because  of  its  effectiveness  and  reasonable  cost. 

Reduction  of  effect  of  liquefaction 

As  mentioned  in  Chapter  2,  the  main  effects  of  liquefaction  on  struc¬ 
tures  are  settlement  and  tilting  due  to  reduction  in  the  bearing  capac¬ 
ity,  floating  due  to  bouyancy,  damage  due  to  increasing  earth  pressure, 
damage  due  to  lateral  spreading  and  permanent  ground  displacement. 

As  regards  underground  structures  such  as  burled  pipes,  manholes  and  in 
\  *  tanks,  damage  due  to  floating  and  settlement  were  reported  during  past 

;;  large  earthquakes.  To  reduce  this  kind  of  damage  following  counter- 

'■/  measures  can  be  considered: 

(1)  Use  of  flexible  joints  for  burled  pipes 

jr  (11)  Dissipate  water  pressure  around  manholes  by  means  of  gravel 

I  drainage. 

| 

f  Various  kinds  of  flexible  joints  have  been  developed  and  have  already 

f  been  adopted  In  actual  constructions.  These  joints  may  show  high 
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effectiveness  In  reducing  the  damage  due  to  settlement,  rising-up,  as 
well  as  permanent  ground  displacement. 

The  drainage  by  gravel  around,  the  manhole  have  recently  been  recognized 
as  one  of  effective  countermeasures.  In  order  to  confirm  its  efficiency 
some  experimental  studies  using  shaking  tables  are  being  conducted. 
Figure  12  shows  one  example  of  the  idea  of  gravel  drainage  for  manhole. 
Similar  countermeasures  have  been  used  for  the  common  conduit  for  elec¬ 
tricity,  telecommunication,  water  and  sewage. 
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Fig.  2-  Reduction  in  width  of  the  Shlnano  River 


Southeast 


Fig.  3  Broken  RC  pile  and  soil  condition 
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Fig.  4  Soil  layer  profile  and  estimated  liquefied  layer  (C-C'-C") 


Fig.  5  Permanent  ground  displacement  In  northern  part  of  Noshiro  City 
(1983  Nlhonkal-Chubu  earthquake) 
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Fig.  6 


Soil  profile  and  estimated  liquefied  layers 
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Fig.  7  Types  of  permanent  ground  displacement 


Fig.  8  Relationship  between  the  magnitude  of  permanent  ground  displace 
ment  and  the  thickness  of  liquefied  layer 


Fig.  9  Relationship  between  the  gradient  of  ground  surface  and  the 
magnitude  of  permanent  ground  displacement 


Dtapio 
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Fig.  10  Relationship  between  the  gradient  of  lower  boundary  face  of 

liquefied  layer  and  the  magnitude  of  permanent  ground  displace 
merit 


Fig.  11  Comparison  of  the  displacement  estimated  by  regression  formula 
with  the  observed  displacement 
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[  Fig.  12  Gravel  drainage  around  manhole 
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1  Collapsed  R.C.  building  due  to  liquefaction 
(1964  Niigata  earthquake) 


Photo  3 


Undamaged  steel  frame  with  foundation  piles 
(1983  Nihonkai-Chubu  earthquake) 
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Photo  4  Lift-up  of  inground  sewage  tank 
(1983  Nihonkai-Chubu  earthquake) 


Photo  5  Collapsed  quay  wall  (1983  Nihonkal-Chubu  earthquake) 


(A)  Before  the  earthquake 

Photo  8  Left  bank 


(B)  After  the  earthquake 
of  Banda 1  Bridge 
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Photo  9  Damage  to  RC  pile 


P*nto  10  Cracks  with  subsidence  on  road 
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Kosta  TALAGANOV1^ 

ABSTRACT 

The  report  presents  the  results  of  the  investigations  carried 
out  for  definition  of  the  liquefaction  potential  of  soils  of  level 
site  by  cyclic  strain  and  of  the  dynamic  response  of  soils  in  which 
the  increase  of  pore  water  pressure  is  possible.  The  approach  with 
cyclic  strains  is  a  new  and  less  investigated  aspect  of  the  lique¬ 
faction  phenomenon. 

The  investigations  consist  of  experimental,  analytical  and  ap¬ 
plication  part.  The  experimental  part  consists  of  laboratory  testing 
of  sand  models  subjected  to  cyclic  strains.  The  analytical  part  com¬ 
prizes  analysis  of  the  experimental  results  and  establishment  of  a 
function  of  the  liquefaction  parameters  and  the  dynamic  response  of 
saturated  soils  in  which  the  increase  of  the  pore  pressure  is  pos¬ 
sible.  Within  this  part,  models  and  methods  for  analysis  of  the  non¬ 
linear  dynamic  response  of  soils  have  been  developed.  In  the  appli¬ 
cation  part,  performing  a  comparative  analysis  of  the  dynamic  response 
of  models  at  sites  of  the  Montenegro  coast,  where  liquefaction  was 
observed  during  the  earthquake  of  April  15,  1979,  a  verification  of 
the  developed  methodology  for  analysis  of  the  nonlinear  dynamic 
response  of  soils  was  carried  out. 
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1.  INTRODUCTION 


The  vibratory  ground  motions  caused  by  earthquakes  may  cause 
a  loss  of  soil  strength  resulting  in  serious  damage.  Typical  forms 
are  settlement  and  tilting  of  buildings  and  civil  engineering  struc¬ 
tures.  Disastrous  yielding  of  soil  mass  in  coastal  areas  and  dams 
are  also  observed,  as  well  as  landslides,  failure  of  slopes  and  other 
hazards^ 

.  The. process  leading  to  such  loss  of  strength  or  stiffness  is 
called  soil  liquefaction.  It  is  a  phenomenon  associated  primarily, 
but  not  exclusively,  with  saturated  cohesionless  soils  /8/. 

Almost  no  earthquake  has  happened  in  the  world  which  had  not 
been  accompanied  by  liquefaction  / 12/ .  Table  T.1.1.  gives  a  list  of 
well-known  past  earthquakes  accompanied  by  liquefaction. 

While  the  early  investigations  of  this  phenomenon  were  apparent¬ 
ly  motivated  by  the  dramatic  occurrence  of  liquefaction  during  the 
earthquakes  in  Niigata  and  Alaska  in  1964,  the  impetus  for  prompting 
the  study  of  liquefaction  has  been  supplied  Incessantly  by  a  series 
of  large  earthquakes  that  have  occurred  since  then  throughout  the 
seismically  active  regions  of  the  world  HH . 

For  the  last  two  decides  after  1964,  a  great  advance  has  been 
made  in  the  recognition  of  the  liquefaction  phenomenon  and  the  develop¬ 
ment  of  the  technology  for  mitigation  of  the  risk  associated  with 
this  phenomenon.  However,  many  of  its  aspects  are  still  to  be  investi¬ 
gated  /8/. 

The  results  of  the  investigations  prove  that  this  phenomenon 
is  mainly  characteristic  for  the  cohesionless  water-saturated  sandy 
soil  masses.  Dynamic  excitation  due  to  earthquakes,  mainly  shear 
waves,  result  in  relative  displacement  of  soil  grains  and  a  tendency 
of  volume  change.  In  conditions  of  water-saturation  and  impossibility 
of  fast  drainage,  this  tendency  cannot  be  realized  in  the  form  of 
volume  change.  Thus,  it  .is  manifested  in  the  form  of  pore  pressure 
increase  as  a  result  of  the  transfer  of  the  gravity  loads  from  the 
soil  structure  to  pore  water.  This  process  may  induce  the  state  of 
( cr’^0) ,  when  pra’ctically  a  total  reduction  in  initial  effective  v 
stresses  takes  place  in  soil,  which  practically  means  loss  of  strength. 
Such  a  state  is  globally  defined  as  initial  liquefaction  occurrence 
and,  depending  upon  the  possibilities  of  preserving  this  state  and 
the  consequences  expressed  through  the  strain  level,  it  further  obtains 
different  forms  and  definitions,  this  process  is  illustrated  in  Fig. 
l.i. 

The  laws  of  pore  pressure  increase  (u),  reduction  in  soil  strength 
and  development  of  shear  strains  are  the  basic  parameters  explaining 
and  defining  the  process  initiating  the  state  of  (<r*=0). 

In  the  investigations  performed  so  far,  these  laws  have  been 
defined  on  the  basis  of  shear  stresses  (t)  as  an  expression  of  the 
dynamic  excitation  and  dynamic  soil  strength.  The  number  of  equivalent 
cycles  (N)  having  amplitude  (t)  are  representing  the  excitation  energy 
or  its  potential.  The  concept  of  the  dimensionless  stress  ratio 

*xSr/9to 

simplifying  these  laws  has  also  been  developed.  Typical  laws  of  occur¬ 
rence  of  (oJ=0)  expressed  through  (RJ  and  (R) ,  obtained  by  laboratory 
testing  of  sands  are  presented  in  Fig.  1.2.  As  can  be  observed,  these 


Tabic  T.  1.1.  A  list  of  known  recent  earthquakes  accompanied  by 
liquefaction 


Earthquake  . 

Year 

Magnitude 

Reference 

ALASKA,  USA 

8.4 

KEEFER  1981  /2b/ 

NIIGATA ,  Japan 

BpiB 

7.5 

SEED,  IDRISS  1967/38/ 

CARACAS ,  Venezuela 

DOBRX,  1982  /12/ 

TOKACRI-OKI,  Japan 

7.9 

ISBIHARA,  1985  /22/ 

PERU 

7.8 

KEEFER,  1981  /25/ 

■  HAD  AN  G,  New  Guinea 

1970 

7.0 

KEEFER,  1981  /25/ 

SAN  FERNANDO,  USA 

1971 

6.5 

SEED  et  al. 1975  /72/ 

RAICRENG ,  China 

1974 

SRENGCONG,  TATSUOKA, 
1984  /4b/ 

GUATEMALA 

1976 

7.6 

SEED  et  al, 1979  /25/ 

FRIULI,  Italy 

1976 

6.5 

SJflO,  WILLIE, 197 9  /2S/ 

TANGSBAN,  China 

1976 

7»  7-7 . 9 

SRENGCONG,  TATSUOKA, 
1984  /46/ 

SAN  JUAN,  Argentina 

1977 

DOBRI,  1982  /12/ 

VRANCEA,  Rumania 

1977 

PERLEA,  1984  /45/ 

MIIAGI-KEN-OKI,  Japan 

1978 

IWASAKI, TOKIDA, 1978/25/ 

MONTENEGRO ,  Yugoslavia 

1979 

7.2 

TALAGANOV,  1980  /42/ 

IMPERIAL  VALLEY,  USA 

1979 

I0UD,  1983  /45/ 

MAMMOTH  LAKES,  USA 

1980 

6.0 

KEEFER,  1981  /2b/ 

NIRONKAI-CHUBV,  Japan 

1983 

7.7 

ISRIRARA,  19  85"  /22/ 

Fig.  1.1.  Liquefaction  mechanism  of  water  saturated  cohesionless 
materials  (Ishihara  1985/22/) 
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Fig.  1.2.  Typical  results  of  laboratory  testing  by  cyclic  shear  stress 
relationships  between  (r/oJ0)  and  (ff)  for  different  (Dp)  and 
pore  pressure  of  100Z  (a),  i.e*. ,  shear  strains  +5Z  (b) 

(Seed  1979/40/) 


laws  are  Influenced  by  the  relative  density  of  sands  (2)^)  to  a  great 
extent.  However,  a  large  number  of  other  factors'  areals©  Influencing 
these  laws  like  the  geological  conditions  of  sail  'evolution*  its 
history,  the  grain  size  distribution  characteristics,  the  initial 
stress  state,  etc.  , 

j  Although  some  investigations  have  been  made  even  before  the  earth- 

!  quake  of  Niigata  of  1964,  the  actual  development ■ has  begun  after  this 

earthquake.  A  large  number  of  scientists  have  contributed  to  the  expla¬ 
nation  of  the  liquefaction  phenomenon  by  using  thp  concept  of  (t)  and 
The  first  investigations  were  carried  out  by  Seed  and  collabora¬ 
tors  1966  17,11 ,  1967  /38/,  1968  17,11,  1971  /39/.  Further  development 
was  especially  associated  with  the  investigations  performed  by  Seed 
et  al.  1979  /40/,  1981  /41/,  and  Iahihara  et  al.  1977/17/,  1978  /18/, 
1980/20/,  1981  Ull.  As  it  is  impossible  to  review  all  the  investiga¬ 
tors,  only  the  latest  State-of-the-Art  papers  by  Yoshlml  et  al. .  1977 
/46/,  Finn  1981  /15 /  and  Ishihara  1985  /22/  will  be  mentioned. 

The  definition  of  the  critical  porosity  distinguishing  sands; 
i  liable  to  liquefaction  and  those  in  which  only  cyclic  mobility  may 

occur  has  also  contributed  to  the  explanation  of  the  liquefaction 
phenomenon.  This  approach,  which  is  based  on  behaviour  of  sands  under 
static  loads,  has  especially  been  investigated  by  Casagradne  1971  / 4/ 
and  Castro  1975  151 . 

The  presented  approaches  associated  with  the  recognition  of  the 
process  which  leads  to  liquefaction  occurrence  are  considered  to  be 
conventional.  However,  for  the  last  few  years,  another  aspect  of  the 
investigation  of  this  process  has  been  developed.  It  is  the  cyclic 
shear  st  ain  (y)  approach.  Although  little  experience  has  been  acquired 
considering  this  approach,  it  initiates  the  possibilities  for  defini¬ 
tion  of  the  liquafection  parameters.  The  need  of  investigations  using 
this  approach  has  been  supported  by  the  results  obtained  during  the 
investigations  carried  out  by  Dobry  et  al.  1981  / 11/,  1982  / 1 2/ ,  1985 
/ 8/.  This  approach  is  suggested  to  be  necessary  for  further  investiga¬ 
tions  given  under  /8/. 

The  dynamic  response  of  soil  in  which  pore  pressure  increase, 

,  is  possible  and  the  process  of  this  increase  initiating  liquefaction 
are  fundamental  aspects  of  soil  liquefaction.  The  investigations  of 
these  aspects  by  using  the  cyclic  shear  strain  approach  are  the  main 
goals  of  the  investigations  presented  herein. 


2.  LABORATORY  TESTS 

The  laboratory  tests  of  soils  have  been  very  important  stage 
in  the  investigation  of  the  liquefaction  phenomenon.  The  result  of 
these  tests  is  the  experimental  definition  of  the  liquefaction  para¬ 
meters  as  dependent  upon  the  characteristics  of  both  models  and  the 
dynamic  excitation. 

This  phenomenon  has  extensively  been  Investigated  by  using  dif¬ 
ferent  laboratory  equipment;  however,  the  dynamic  excitation  with 
controlled  shear  stresses  has  mainly  been  used.  On  the  basis  of  the 
obtained  results,  corresponding  methods  have  been  developed  aimed 
at  determination  of  the  liquefaction  potential  in  soils. 

Based  on  the  data  available  in  the  literature  in  this  field, 
only  few  and  partial  tests  applying  dynamic  excitation  with  controlled 
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■hear  strains  have  bean  carried  out.  Thus,  different  opinions  and 
recommendations  on  the  needs  of  such  tests  and  the  advantages  they 
offer  have  been  presented  /8,  11,  12/. 

According  to  the  investigation  concept  presented  herewith, 
laboratory  tests  of  sands  under  dynamic  excitations  with  cyclic  shear 
strains  represent  a  basis  for  development  of  methods  of  analysis  for 
the  liquefaction  potential  in  sands. 


2.1.  Tested  Materials 

,  •  laboratory  tests  have  been  carried  out  on  samples  made  of  sands 
taken  from  the  surface  at  two  sites  in  the  Montenegro  coast.  The  sites 
are  Bljela  and  BaoSid.  During  the  Montenegro  earthquake  of  April  15, 
1979,  typical  liquefaction  was  observed  at  these  sites.  In  the  lique¬ 
faction  process,  the  sand  from  the  depth  was  thrown  out  on  the  site 
surface  /42,  43/. 

The  grain  size  distribution  curves  of  sands  have  been  shown  in 
Fig.  2.1.1. 


2.2.  Laboratory  Equipment  and  Investigation  Procedures 

Laboratory  tests  have  been  accomplished  by  using  laboratory  equip¬ 
ment  with  a  direct  dynamic  shear  loading  (Dynamic  Simple  Shear  Device 
-  DSSD)  in  the  Soil  Dynamic  Laboratory  at  IZXIS  -  Skopje. 

The  equipment  has  possibilities  for  direct  applying  of  cyclic 
shear  stresses  and  strains.  The  dynamic  excitation  was  applied  to 
the  sample  in  such  a  way  as  to  simulate  the  excitation  of  actual 
ground  conditions  under  shear  waves  due  to  an  earthquake.  The  strain 
range  is  very  wide  and  it  practically  covers  the  strains  of  interest. 

It  ranges  from  approximately  (20~^X)  to  almost  (5X).  Taking  into  ac¬ 
count  the  options  and  possibilities,  it  can  be  concluded  that  the 
dynamic  stress-strain  state  can  successfully  be  simulated  with  this 
equipment. 

The  sand  samples  are  built  in  and  tested  as  dry  ones.  The  testb 
for  investigation  of  conditions  for  liquefaction  occurrence  are  carried 
out  for  the  case  of  a  constant  sample  volume.  As  a  result  of  given 
dynamic  excitation,  the  dynamic  response  of  the  model  is  obtained, 
which  results  in  a  change  in  the  grain  structure 'and  a  simultaneous 
decrease  in  the  initial  vertical  stress  (o*io).  The  decrease  of  ( cr‘*i 

is  proportional  to  the  increase  of  the  pore  pressure  (u)  in  satura¬ 
ted  models.  According  to  this  concept,  the  dynamic  behaviour  of  the 
water  saturated  soil  medium  is  related  to  the  behaviour  of  the  solid 
structure,  that  is  the  soil  grains.  As  an  approach,  it  is  used  in 
many  investigations  and  especially  in  /14/  and  /27/. 

The  stress-strain  state  of  the  model  is  shown  in  Fig.  2.2.1. 

The  investigation  procedure  comprises  three  basic  stages: 

•  The  first  stage  includes  preparation  of  samples  for  testing. 

In  this  stage,  samples  were  built  in  by  dry  compaction,  using 
a  wooden  hammer  up  to  the  planned  initial  relative  density, 
taking  into  account  that  after  the  consolidation,  the  expected 
planned  final  relative  density  ( Dr )  is  obtained. 
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•  The  second  stage  comprises  the  consolidation  of  the  samples 
under  static  loads.  The  samples  are  consolidated  with  planned 
initial  stress  (O'io)-  Stresses  were  gradually  applied  with 
parallel  observation  of  the  vertical  settlements.  The  process 
continued  after  the  application  of  the  full  value  of  (OMo), 
practically  up  to  the  end  of  the  vertical  settlements.  To  this 
state  corresponds  the  final  relative  density  (Z?y)  A  range 

of  (cp  from  ( 40-45 30  to  (80-85%)  was  applied.  The  stresses 
(o’io)  have  values  of  (TOO),  ( 200)  and  ( 300  kN/m%) . 

•  The  third  stage  represents  the  direct  dynamic  testing. 

Tests  were  carried  out  applying  series  of  cyclic  shear  strains 
(y)  under  the  conditions  of  constant  volume.  Strains  have  been  applied 
in  the  range  of  (0.2%)  to  (2%) »  respectively.  Certain  number  of  tests 
were  carried  out  applying  strains  smaller  than  (0.2%).  At  the  same 
time,  both  observed  and  recorded  were  the  shear  stresses  (t)  which 
correspond  to  the  applied  strains  (y)  as  well  as  the  decrease  of  (o'iq)* 
Also,  the  nonlinear  relationships  (t/y)  have  directly  been  recorde 


2.3.  Results  with  Cyclic  Strains  (y) 

For  each  tested  sample,  the  following  results  have  been  obtained 
by  applying  cyclic  strains: 

•  time  history  of  shear  stresses  (t/N)i 

•  time  history  of  cyclic  strains  (y/ff); 

•  time  history  of  decrease  in  effective  stresses,  (o*i/tf),  that 
is  in  the  increase  of  the  pore  pressure  (u/lf, , 

•  time  history  of  nonlinear  relationships  (('t/y )/If). 

In  the  results,  the  time  is  represented  through  the  number  of 
cycler  (N). 


3.  ANALYSIS  OF  LABORATORY  RESULTS  AND  DEFINITION  OF  ANALYTICAL 
RELATIONSHIPS  OF  LIQUEFACTION  PARAMETERS  AS  STRAIN  DEPENDENT 

From  the  laboratory  tests,  many  data  about  the  behaviour  and 
the  response  of  the  tested  sand  models  under  the  applied  cyclic  excita¬ 
tion  with  controlled  shear  strains  have  been  obtained.  These  results 
define  the  occurrence  and  development  of  the  pore  pressure,  the  non¬ 
linear  stress-strain  relationships  under  cyclic  shears  and  their  trans¬ 
formation  due  to  pore  pressure  development,  that  is  the  decrease  of 
the  dynamic  shear  moduli.  The  results  define  also  the  decrease  in 
shear  stresses  in  the  case  of  excitation  with  controlled  cyclic  strains. 

A  special  reference  was  given  to  the  occurrence  and  development 
of  the  pore  pressure,  the  occurrence  of  (0*1=0)  and  the  decrease  in 
the  dynamic  shear  moduli.  Based  on  the  results,  the  analytical  relation¬ 
ships  between  these  parameters  and  the  shear  strain  level,  and  the 
duration  expressed  through  the  number  of  the  applied  cycles,  have 
been  defined. 
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3.1.  Relationships  for  Liquefaction  Occurrence 

Due  to  the  effects  of  the  cyclic  excitation  with  controlled  shear 
strains  in  dry  sand  models,  in  the  case  of  a  constant  volume,  a  de¬ 
crease  in  the  Initial  stresses  takes  place.  According  to  the  concept 
of  the  applied  methodology  and  laboratory  equipment,  as  shown  in  Chapter 
2,  the  decreasing  of  stresses  is  directly  proportional  and  equal  to 
the  occurrence  and  development  of  the  pore  pressure. 

Fig.  3.1.1.  shows  a  typical  series  of  cyclic  strains  (y)  and 
the  corresponding  decreasing  of  vertical  stresses.  It  can  be  seen 
that  within  the  frames  of  a  half-cycle  (n) ,  the  vertical  stress  is 
not  a  constant  one,  but  cyclic.  Its  frequency  is  two  times  larger 
than  the  frequency  of  (  y) .  The  minimum  values  are  obtained  for  (y =0) , 
while  the  maximum  ones  -when  (y)  reaches  its  extreme  values. 

Let  us  denote  the  following  parameters: 

(o^l)  -  envelope  effective  vertical  stress,  which  is 

minimum  during  one  half-cycle  (n) 

(or’ip)  -  residual  effective  vertical  stress,  which  is 

maximum  during  (n) 

(Ao"’i)  .  -  variation  of  the  effective  vertical  stress 

during  (n) , 

as  shown  in  Fig.  3.1.1. 

Applying  (y)  and  increasing  (JV),  both  (o>  l)  and  (o' jr)  decrease 
intensively  at  the  beginning  and  then  at  a  slower  rate .  (Ao* i  )  varies 
with  the  increase  of  (N) .  By  excluding  the  first  semi-cycle,  (Ao' ^ 
generally  decreases  with  the  increase  of  (N) . 

However,  since  ( u )  is  proportional  to  (o’ )),  these  properties 
will  be  studied  in  more  details  in  Section  3.2.  We  will  consider  at 
this  stage  the  characteristic  case  when  (a* j),  which  decreases  gradual¬ 
ly,  is  completely  reduced  to  the  value  of: 

oJ !  -  0  (3.1.1) 

The  state  when  (aJ  corresponds  to  the  occurrence  of  an  exces¬ 
sive  pore  pressure  which  equals  the  initial  effective  stress  (o' j0) 
and  which  is  also  defined  as  occurrence  of  (tt)  of  {100%): 

u  =  o3  jo  (3.1.2) 

( u/cf'  i  o )  100  =  100 %  for  u  =  a3  i0 

The  state  when  ( a 3  \-0)  starts  for  the  purpose  of  these  tests 
is  defined  as  initial  liquefaction.  The  behaviour  of  soil  from  the 
moment  when  the  state  (a3 \=0)  is  reached  and  further  on,  depends  upon 
the  soil  characteristics  and  characteristics  of  the  dynamic  excitation 
which  result  from  that  state  as  well  as  upon  the  total  stresses  and 
the  characteristics  of  the  soil  profile.  Generally,  twis  behaviour 
is  related  to  the  soil  density  and  the  residual  strength  of  soil. 

From  that  viewpoint,,  in  loose  soils,  the  (o3  y=0)  state  might  result 
in  true  liquefaction  with  occurrence  of  enormous  strains  and  "yield¬ 
ing",  while  in  more  dense  sands,  the  (o3 i=0)  state  might  result  in 
occurrence  of  limited  strains  or  cyclic  mobility.  Since  soil  behaviour 
after  (aJi-=0)  state  depends  upon  the  reduced  strength  of  soil,  that 
is  upon  the  (x/y)  properties,  this  problem  will  be  considered  in  more 
detail  in  Section  3.3. 
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The  representative  number  of  cycles  with  defined  (Y)  corresponds 
to  the  state  (a* i=0)>  as  follows: 

N  =  Nl  (3.1.3) 

where: 

Kl  -  is  the  number  of  cycles  for  occurrence  of  initial  lique¬ 
faction  or  for  (cr*  j  =0)  state  or  for  a  pore  pressure  ratio 
of  (.100%). 

A  definition  for  (a* \=0)  and  (N^)  has  been  given  in  Fig.  3.1.1. 

(Nf)  is  a  function  of  (y)  and  in  the  case  of  cyclic  excitations, 
together  with  (y) »  it  is  the  main  parameter  for  definition  of  the 
relationship  for  occurrence  of  (aJ \=0) .  During  the  analysis  of  the 
test  results,  it  was  concluded  that  if  (y)  and  (N^)  are  jointly  re¬ 
presented  in  the  log-normal  coordinates,  certain  regularity  has  been 
established  and  can  be  used  as  a  basis  for  establishment  of  the  (oJ i~0) 
relationship. 

The  experimental  results  interpreted  in  this  way  have  been  shown 
in  Fig.  3.1.2.  They  show  the  relation  between. the  occurrence  of  (a*  \=0) 
and  the  amplitudes  of  cyclic  strains  and  the  influence  of  the  applied 
cycles.  Tests  were  accomplished  with  (y)  from  (0.2%)  to  (2%).  They 
show  that  the  Increase  of  strain  amplitudes  results  in  the  decrease 
of  number  of  cycles  which  causes  the  occurrence  of  ( a*  \=0) . 

The  results  shown  in  this  chapter  refer  to  two  types  of  sand 
models,  from  Bijela  and  Bao£i£,  with  a  relative  density  of  (Dr)  from 
(40%)  to  (85%),  respectively,  consolidated  under  stresses  (0*  10)  of 
(100),  ( 200)  and  (300  kH/nr) .  The  larger  number  of  models  are 
made  of  sand  of  Bijela  type,  a  total  of  (34)  models,  while  (8)  are 
of  BaoSic  type.  A  total  of  (36)  models  are  of  (.0’  \q=100  kN/m2) ,  while 
( 6)  are  of  (0*10=200  kN/m2)  and  (a* i0=3OO  kfl/m2) . 

Any  more  expressive  difference  in  the  behaviour  of  the  models 
has  not  been  observed  nor  a  tendency  for  grouping  or  classification 
in  the  presented  results.  They  lead  to  conclusion  that  the  shear 
strains  control  dominantly  the  occurrence  of  ( o*  \=0) ,  while  the 
influence  of  (D  ) ,  (o^kj)  and  the  type  of  sand,  Bijela  and  Baosic," 
is  not  emphasized. 

It  is.  evident  that  there  is  certain  uncertainty  involved  in  the 
obtained  results.  However,  in  -the  evaluation  of  this  uncertainty  we 
should  take  into  account  the  behaviour  of  (o*  j)  close  to  the  occur¬ 
rence  of  (a* }=0).  This  behaviour  is  shown  in  Fig.  3.1.1.  The  con¬ 
vergence  of  (oJ j)  to  (oJ i=0)  for  (y<1.0%)  is  almost  asymptotical. 

In  that  domain,  the  range  of  more  cycles  leads  to  rather  small  change 
in  (0Ji),  which  can  be  expressed  by  unit  percents.  Thus,  the  dif¬ 
ference  in  the  obtained  number  of  cycles  for  equal  (y)  is  mainly  due 
to  uncertainty  involved  in  the  determination  of  ( N £>. 

Some  other  interpretation  of  results  is  introduced  by  taking 
into  account  the  level  in  which  (0* i)  decreases  more  rapidly.  There¬ 
fore,  the  following  characteristic  level  has  been  adopted: 

oJ!  -  0.10  o'  jo  (3.1.4) 

A  pore  pressure  of  (90%)  corresponds  to  that  level: 

u/o*  iO=0.90  (3.1.5) 

and  a  number  of  cycles 
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Fig.  3.1.2.  Relationship  of  strain  amplitude  -  number  of  cycles  for 
occurrence  of  100Z  pore  pressure  ratio 
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The  results  Interpreted  In  this  way  are  shown  in  Fig.  3.1.3. 

It  is  estimated  that  the  uncertainty  Involved  in  the  values  of  (B  ) 

compared  to  the  values  of  (1 p  )  is  considerably  decreased. 

L 

The  results  of  Fig.  3.1.3.  for  the  occurrence  of  (a* \=0. 10a* io) 
support  even  more  the  assumption  for  a  dominant  influence  of  (y)  and 
the  smaller  Influence  of  (Dp,  (o'io)  the  type  of  the  tested  models. 

In  order  to  explain  the  small  influence  of  (£„)>  (.a1 10)  and  the 
type  of  the  tested  sands  upon  the  occurrence  of  (a* i=0) ,  as  evaluated 
from  the  presented  results,  an  analysis  of  the  maximum  shear  stresses 
(r) ,  which  have  been  applied  in  the  first  semi-cycle,  has  been  made. 

It  was  found  that  there  are  significant  variations  of  (t)  for  equal 

(T). 

The  results  lead  to  a  conclusion  that  equal  strains  (y)  cause 
different  shear  stresses  (t) ,  proportional  to  the  strength  characteris¬ 
tics  of  models.  This  provides  the  physical  explanation  about  the  in¬ 
significant  influence  of  (Dp),  (cr* io)  nod  the  type  of  the  tested  sands 
upon  the  occurrence  of  ( a *  \=0 ) . 

Taking  into  account  the  characteristics  of  the  results  and  the 
corresponding  estimations,  it  has  been  adopted  for  the  purpose  of 
further  analysis  that  the  occurrence  of  ( a *  \=0)  has  dominantly  been 
controlled  by  (Y)  and  (^). 

The  results  shown  in  Fig.  3.1.2.  show  some  regularity  in  the 
relationship  between  the  strain  amplitude  (y)  and  the  number  of  cycles 
(Bfc)  for  the  occurrence  of-  (O'*  \=0) .  The  relative  uniformneBS  (regula¬ 
rity):  obtained  provides  the  possibility  for  establishment  of  a  common 
analytical  relationship  between  (Y)  and  (B^) •  For  this . purpose ,  a 
regression  analysis  of  the  results  with  an  assumed  function  has  been 
carried  out: 

1  =  AeBln(X> 

f=Y  (3.1.7) 

X  =  *L 

Within  this  regression  analysis,  the  constants  (A)  and  (B)  of 
the  function  (3.1.7)  have  been  determined, 

A  =  1.9838 

B  =  -0.4126  (3.1.8) 

I  =  1. 9838e~°’4* '  Sln^XJ 
based  on  the  least  squares  mean  values. 

The  function  (3.1.8)  together  with  the  experimental  results  has 
been  shown  in  Fig.  3.1.4.  It  defines  the  conditions  for  occurrence 
of  (o* i=0)  in  a  way  which  is  rather  simple.  It  is  simple  because  of 
the  dominant  influence  of  (Y).  As  such,  it  can  be  taken  as  a  basis 
for  mathematical  model  formulation  for  analysis  of  the  soil  lique¬ 
faction  potential. 

It  should  be  taken  into  account  that  the  definition  of  the  unique 
(common)  function  (3.1.8)  is  based  on  the  small  (Dp)  and  (c'lo)  effect 
and  the  type  of  the  two  tested  sands,  opposite  to  the  dominant  influence 
of  (Y)  and  the  physical  explanation  about  different  (t)  levels  for 
equal  (Y)  proportional  to  strength  of  sands.  The  effects  of  other 
soil  properties  which  have  not  been  investigated,  can  have  some  influence 
from  their  part. The  effects  of  sands  with  larges  variety  of  grain  size 
proparties  can  also  have  their  influence  upon  the  conditions  of  occurence 
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Number  of  cycles  N 


Fig.  3.1.3.  Relationship  between  strain  amplitude  and  the  number 
of  cycles  for  occurrence  of  90%  pore  pressure  ratio 
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Number  of  cycles  N 


Fig.  3.1.4.  Relationship  between  strain  amplitude  -  number  of  cycles 
for  occurrence  of  100Z  pore  pressure  ratio 
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of  (a* 1=0).  Besides,  attention  should  be  paid  that  the  function  (3.1.8) 
has  been  determined  based  on  the  behaviour  of  sands  with  (Dr )  from  (40%) 
to  (80%)'  These  tests  do  not  include  very  loose  and  very  dense  sands  in 
which  some  effects  can  also  be  expected. 


3.2.  Relationships  for  the  Pore  Pressure  Increase 

Following  the  above  presented  concept  of  testing,  using  the 
above  described  laboratory  equipment,  the  equivalent  increase  of  the 
pore  pressure  is  proportional  to  the  decreasing  of  (aJio). 

The  increasing  of  the  pore  pressure  is  not  constant  in  the  frames 
of  one  semi-cycle  (n) .  It  has  cyclic  features  with  frequency  two  times 
larger  than  the  frequency  of  (y)  .  It. obtains  its  maximum  value  for 
(y=0) ,  and  the  minimum  when  (y)  reaches  its  extreme  values. 

Let  us  denote  by: 

(u)  -  envelope  maximum  value  of  the  pore  pressure  in  one 

semi-cycle  («) 

(up  -  residual,  minimum  value  of  the  pore  pressure  during  ( n ) 

(Au)  -  pore  pressure  variation  during  (n) . 

These  characteristics  and  definitions  are  shown  in  Fig.  3.2.1. 

Increase  of  the  pore  pressure  has  been  observed  in  all  tests, 
at  the  beginning  of  excitation  applying  the  first  cycle  of  shear 
strains. 

The  smallest  strain  under  which  pore  pressure  has  occurred  is: 

\*.=°.01%  (3.2.1) 

min 

A  cyclic  strain  under  which  a  considerable  pore  pressure  develops 
is  (Y =0.1%).  However,  in  spice  of  the  long-lasting  excitation,  a 
pore  pressure  of  (100%)  has  not  been  achieved. 

The  smallest  cyclic  strain  under  which  pore  pressure  of  (100%) 
develops  is  (Y =0.2%). 

A  general  characteristic  of  the  pore  pressure  development  is 
that  at  the  beginning  of  the  excitation  it  increases  very  intensively, 
while  after  it  reaches  an  average  amount  of  (80)  -  (90%),  it  increases 
slowly.  This  was  observed  in  all  the  tests. 

Other  characteristic  is  the  variation  of  intensity  (Au)  during 
each  cycle  separately.  The  same  is  observed  in  the  presented  record 
of  the  above-mentioned  figures.  It  can  be  concluded  from  these  results 
that  the  maximum  ratio  of  (Au)  depends  upon  the  model  density  and 
the  strain  amplitude.  (Au)  increases  with  the  increase  in  density 
and  the  Increase  of  (Y) .  Also,  (Au)  is  larger  in  the  beginning,  and 
then  it  decreases  converging  to  the  state  of  (u=oJ iq). 

The  physical  explanation  of  the  presence  of  (Au)  is  related 
to  the  model  tendencies  for  compaction  and  dilatancy  during  each 
semi-cycle,  which  are  evident  and  present  in  the  obtained  results. 
These  tendencies  are  especially  evident  in  the  nonlinear  (t/y) 
relationships,  which  will  be  referred  to  at  a  later  stage. 
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In  the  semi-cycles  when  the  stage  of  (u=<J* i0)  has  been  reached, 

(Au)  has  still  finite  value.  It  means  that  (Mr<a'*1),  that  is,  (oJ  ir) 
has  a  finite  value,  too.  So,  a  conclusion  is  made  that  in  the  semi¬ 
cycle  when  a  state  of  (u=oJip  )  is  reached,  the  soil  retains  some 
residual  strength.  Since  (au)  increases  with  the  increase  of  (Dr) , 
the  residual  strength  increases,  respectively. 

In  order  to  check  the  regularity  of  pore  pressure  development 
and  obtain  an  analytical  expression  between  (u),  (.N)  and  (y),  a  detailed 
analysis  of  (22)  representative  records  of  (u)  has  been  made.  These 
records  have  been  obtained  of  models  having  different  ( D  )  with  dif¬ 
ferent  amplitudes  of  cyclic  strains  (y) .  **. 

The  envelopes  of  (u)  records  have  been  analysed,  which  means 
maximum  values  in  each  semi-cycle.  The  analysed  records  which  have 
been  interpreted  as  (.u/o*  10)  and  (fi)  relationships  have  been  shown 
in  Fig.  3.2.2.  Since  they  refer  to  different  (y),  they  look  different¬ 
ly,  sharing  in  common  the  property  of  a  fast  increase  at  the  beginning 
and  a  slow,  almost  asymptotic  at  the  end,  before  (14=0*  jp)  is  reached. 

It  has  been  noticed  during  the  analysis  that  if  cycles  of  each 
record  are  normalized  by  dividing  with  ( Nt )  and  the  record  is  presented 
in  the  coordinate  system  (u/o*  ip)  and  Oi/ai) ,  in  which  reaches 

the  value  of  (0)  to  (1),  this  situation  changes.  The  curves  presented 
in  this  way  become  similar  with  tendency  of  convergence  towards  one 
common  curve.  In  this  way,  they  become  directly  independent  of  (y), 

but  indirectly  through  (J?  ).  They  are  shown  in  Fig.  3.2.3. 

L 

In  this  way,  the  normalized  records  (u/aJip)  are  used  in  the 
regression  analysis  in  order  to  find  a  suitable  analytical  expression 
for  them.  The  regression  analysis  was  carried  out  using  the  assumed 
function: 

Y  =  X(A  +  BX)/(C  +  DX) 

Y  =  u/a 1  ip  (3.2.2) 

X  =  n/nl 

With  the  regression  analysis  the  constants  A,  B,  C  and  D  of 
the  function  (3.2.2)  have  been  determined. 

A  =  1.035? 

B  =  0.0547 

C  =  0.0357  (3.2.3) 

D  -  1.0547 

Y  =  X(  1.0357  +0.0547X)/( 0.0357  +  1.0S47X) 

The  function  (3.2.3)  together  with  the  data  of  the  normalized 
records  (u/o*  lo)  /  (N/Nj)  is  shown  in  Fig.  3.2.3.  It  can  be  seen  that 
the  curve  (3.2.3)  shows  a  good  correlation  with  the  data. 

The  function  (3.2.3),  as  common  for  all  the  values  of  (y), 
defines  the  increase  of  the  pore  pressure  in  a  uniform  way.  The  in¬ 
fluence  of  (y)  has  been  incorporated  in  directly  through  (ZY^  ).  It  is 
defined  on  the  basis  of  the  dominant  influence  of  (y).  In  this  sense 
the  function  is  also  general,  similar  to  the  previous  function  (3.1.8). 
Together  with  this,  it  can  be  taken  as  a  basis  for  mathematical  model 
development  for  analysis  of  the  liquefaction  potential. 
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Number  of  cycles  N 


Fig.  3.2.2.  Increase  of  the  pore  pressure  depending  upon  the  strain 
level  and  the  number  of  cycles  (AO 


pressure  /  effective  stress  u la. 


Fig.  3.2.3.  Increase  of  the  pare  pressure  depending  upon  the  strain 
level  and  the  number  of  cycles  {N)  divided  by  the  number 

of  cycles  for  liquefaction  occurrence  (»  ) 
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3.3.  Relationships  for  the  Decrease  of  Shear  Moduli 

Due  to  the  excitation  under  cyclic  strains  and  decrease  of 
(o^o).  a  transformation  of  strength  characteristics  takes  place 
in  the  models.  It  can  be  observed  thr  gh  the  records  of  shear  stres¬ 
ses  (t)  and  the  records  of  the  nonlinear  (z/y)  relation snips. 

Representative  rescord  has  been  shown  in  Fig.  3.3.1.  The  record 
has  been  obtained  with  excitation  (y=l%) ,  in  model  with  (Dr)  equal 
Co  (40%)'  In  order  to  complete  the  picture,  the  decrease  of  (a* 10), 
that  is  the  increase  of  ( u )  have  been  presented. 

It  is  evident  from  the  records  that  a  decrease  of  (t)  takes 
place  in  the  model,  following  the  decrease  of  (0*10)'  The  decrease 
of  (t)  is  more  evident  on  the  (z/y)  curves  showing  that  the  same 
strain  with  amplitude  (y=l%)  causes  smaller  stresses  (t)  going  from 
a  cycle  to  a  cycle.  Accordingly,  a  "rotation"  of  the  curves  towards 
the  (y)  axis  takes  place. 

Another  property  can  be  defined  as  a  change  in  the  (t)  and 
(y)  relationship  during  one  semi-cycle  (n) ,  and  also  during  the 
excitation.  This  is  even  more  expressed  under  smaller  strains  due 
to  the  slower  convergence  towards  (a3 i=0)  state.  Thus,  Fig.  3.3.2 
shows  the  (z/y)  curve  of  the  same  model  with  (D  )  equal  to  (40%), 
however  for  (y-0. 5) .  * 

These  properties  can  be  best  interpreted  through  the  shear  moduli. 

If  the  moduli  are  analysed  between  the  extreme  values  of  (y)  from  (ymin) 
to  (Ym^-r) ,  it  can  be  seen  that  in  the  first  semi-cycles  ( n )  the  moduli 
decrease  permanently  in  respect  to  the  initial  maximum  value.  However, 
in  the  next  semi-cycles,  an  Increase  in  the  vicinity  of  | (ymn-r) |  is 
observed  besides  this  decrease.  It  means  that  during  one  semi-cycle 
there  are  both  tendencies  for  compaction  and  for  dilatancy.  This 
reflects  in  the  presence  of  (ka3  \)  during  one  semi-cycle. 

Let  us  denote  with: 

G0  -  Initial  maximum  shear  modulus  of  the  model,  which  corresponds 
to  the  hystersis  loop,  without  increase  of  (u) ,  in  respect 
to  (y^fin)  under  loading  and  in  respect  to  (ymax)  under  unload¬ 
ing  conditions 

G  -  maximum  modulus  of  any  curve  (z/y)  in  conditions  of  an 

increased  (u)  and  in  respect  to  (yw£n)  under  loading,  that 
is  in  respect  to  (ymax)  under  unloading  conditions.  Since 
it  is  dependent  on _(n)  it  is  denoted  by  G(n). 

These  definitions  have  been  shown  in  Fig.  3.3.3. 

From  the  presented  (z/y)  curves,  it  can  be  seen  that  the  (G)  moduli 
permanently  decrease  so  that  the  final  values  of  (t)  in  the  following 
semi-cycles  are  smaller  than  the  preceding  ones.  It  means  that  although 
there  are  both  tendencies  of  compaction  and  dilatancy  in  each  semi-cycle, 
the  tendency  of  compaction  is  prevailing  throughout. 

A  special  reference  should  be  given  to  the  behaviour  immediately 
after  (a3  y=0)  is  reached.  As  shown  on  the  records,  it  is  obvious  that 
in  the  models,  besides  the  considerable  reduction,  there  is  some 
residual  strength.  This  is  due  to  the  fact  that  in  the  first  semi-cycle, 
after  (u=o*  10)  is  reached,  (a3 ir)  preserves  its  finite  value.  The  analy¬ 
sis  of  moduli  in  the  semi-cycles  (nj/)  and  (ni+1 )  show  that  they  vary 
as  follows:  the  maximum  values  which  correspond  to  the  extreme  strains 

(Y  .  )  end  (y _ )  decrease  going  to  ( y=0 );  for  (y =0)  the  moduli  have 

max 
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Fig.  3.3.1./1  Representative  results  from  tests  under  cyclic  shear 
strains  with  (y=2 % ) 

a)  time  history  of  shear  stresses  (t) 

b)  time  history  of  cyclic  strains  (y) 

c)  time  history  of  vertical  stresses  (o' ,  ) 
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Pig.  3.3.1./2  Representative  results  from  tests  under  cyclic  shear 
strains  with  (y =1%) 

d)  time  history  of  nonlinear  relationships  (x/y) 


7  /  lcm-0.07575  %  / 


i 


T  e*t 

Sand  type 

D *{%)  | 

7<%> 

o  lolkN/m^) 

0.5B-1.1 

Baosic 

40 

0.5 

ion 

Fig.  3.3.2.  Representative  results  from  tests  under  cyclic  shear 
strains  with  (y=0.5K) 

-  time  history  of  nonlinear  relationships  (t/y) 
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Fig.  3.3.3.  Characteristics  of  the  decrease  in  (t)  and  the  shear 

moduli  due  to  the  decrease  in  (cr*  i )  and  definitions  for 

(G  )  and  (G) 
o 
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practically  Che  value  of  (0);  while  going  away  from  (y =0)  >  they  increase 
again.  This  behaviour  follows  the  change  of  (a1 i)  and  of  the  pore  pres¬ 
sure  between  (u  )  and  (u) . 
v 

As  seen  from  the  results »  there  are  differences  in  the  values 
of  (t)  and  (g)»  in  ths-semi-cycles  (ntf-l)  after  (o*  i=0)  is  reached. 

This  difference  shows  that  by  Increasing  (Dr)  the  residual  strength 
of  models  increases,  too.  It  complies  with  the  above  observed  increase 
of  (au)  with  the  increase  of  ( Dr ) •  This  difference  is  in  the  same  time 
the  main  characteristic  of  the  behaviour  between  the  less  and  more 
compacted  models. 


The  decreasing  of  (r)  and  (G)  with  the  increase  of  (N) ,  i.e., 
(n)>  has  been  shown  in  Fig.  3.3.3.  From  the  preceding  discussion  op 
the  properties  of  the  (r/y)  curves,  it  appears  that  the  decrease  of 
(G)  can  be  considered  aa  proportional  to  the  decrease  of  (r>: 


Go  _  To 

am-JW 


(3.3.1) 


The  equation  (3.3.1)  is  an  approximation,  however,  it  can  be  ac¬ 
cepted  for  the  purpose  of  simplicity  of  further  analysis. 


On  this  basis,  an  Interpretation  of  the  records  of  (t)  and  the 
curves  (r/y)  has  been  accomplished.  Analysing  the  results,  time  histories 
of  the  change  of  (G)  from  (Go)  to  (G(Nj+0. 5)  have  been  obtained.  Re¬ 
presentative  time  histories  in  a  form  of  a  ratio  between  (G/Go)'  as 
dependent  upon  (tf)  have  been  shown  in  Figs.  3.3.4  and  3.3.5.  The  results 
in  Fig.  3.3.4  refer  to  models  having  (Dj.)  from  (40%)  to  (55-55%).  It 
can  be  seen  that  the  residual  moduli  (Gi'ff+0.5))  are  (10-15%)  of  the 
initial  (Go)*  In  Tig*  3.3.5  are  shown  the  results  of  models  with  (Dr) 
from  (60%)  to  (70%)*  The  residual  moduli  (Gftii+O.S  )  for  them  are 
(20-25%)  of  (Go)* 


During  the  analysis,  it  was  seen  that  if  the  number  of  cycles 
of  each  record  is  normalized  by  dividing  it  with  (ff^+0.5)  and  records 
are  presented  as  (G/Go)  relationship,  dependent  upon  (N/(NL+0.S) they 
become  similar.  Also  a  tendency  of  convergence  towards  one  common  curve 
is  observed.  In  this  way,  the  results  interpreted  from  Figs.  3.3.*t 
and  3.3.5  are  in  a  form  as  shown  in  Figs.  3.3.6  and  3.3.7. 

The  normalized  records  (G/Go)  have  been  used  for  the  regression 
analysis  in  order  to  find  suitable  analytical  expressions  for  them. 

The  regression  analysis  has  been  carried  out  assuming  the  function: 

1  =  1  -  X  (A  +  BX)/(C  +  DX) 

X  =  G/Go  (3.3.2) 

X  =  s/(sL  +  0.5) 

The  regression  analysis  defines  the  constants  of  the  function 
(3.3.2).  For  the  data  shown  in  Fig.  3.3.6  for  models  with  (0*0  of  (40%) 
to  ( 55-55© ,  the  following  values  have  been  obtained: 


A  =  1.1218 


B  -  0.1143 

C  =  0.1400  (3.3.3) 

D  =  1.2809 

1  =  1  -  X(1.1218  +  0.1143X)/ (0.1400  ♦  1.2809X) 

The  function  (3.3.3)  for  ( X=T)  gets  a  value  of  (1=0.13). 
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G/G 


Normalized  modulus  GN  -  G/G 


Normalized  number  of  cycles  N/(N[_  +  0.5) 


Fig.  3.3.6.  Change  in  the  modulus  (g)  depending  upon  the  strain  level 
and  the  number  of  cycles  (ff)  divided  by  the  cycles  for 

occurrence  of  liquefaction  (i?  ) 
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Normalized  modulu*  Gpg  ■  G/G 


Fig.  3.3.7.  Change  In  the  modulus  (c)  depending  upon  the  strain  level 
and  the  number  of  cycles  (ff)  divided  by  the  cycles  for 
occurrence  of  liquefaction  (A^) 
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For  the  date  gives  in  Fig.  3.3.7,  which  are  for  models  with  (Cp 
of  (60%)  to  (70%) »  the  following  values  have  been  obtained: 

A  =  1.1202 

B  =  0.2112 

C  =  0.1S69  (3.3.4) 

D  =  1.5812 

1=  1  -  X(1.1202  +  0.2112X)/ (0.1569  +  1.5812X) 

The  function  (3.3.4)  for  ( X=1 )  has  the  value  of  (1=0.234). 

The  functions  (3.3.3)  and  (3.3.4)  have  been  shown  in  Figs.  3.3.6 
and  3.3.7,  respectively.  They  define  in  a  rather  simple  way  the  decrease 
of  the  initial  soil  moduli  due  to  pore  pressure  development.  During 
their  definition,  certain  approximation  has  been  introduced  by  neglect¬ 
ing  the  (y)  effect.  This  effect  is  present  in  the  results  in  a  form 
of  variation  of  ( tcu )  as  dependent  upon  (Y),  however,  it  has  not  been 
expressed  significantly. 

It  appears  from  the  function  (3.3.3)  and  (3.3.4)  and  the  obtained 
results  that  the  residual  strength  of  the  soil  expressed  through  the 
moduli  (G(Nj+0. 5))  in  the  cycle  (tiL+0.S),  immediately  after  the  occur¬ 
rence  of  liquefaction,  is  present  and  varies  with  (Pr) .  From;a  viewpoint 
of  analysis  of  the  soil  behaviour  after  t'  (o>  i  =0)  is  reached  and 

the  differences  in  the  behaviour  between  more  and  less  compacted  soils, 
of  special  importance  is  the  residual  strength  immediately  after  the 
initial  liquefaction  is  acheived.  Therefore,  analysis  of  the  results 
of  all  the  experiments  is  made.  The  results  of  this  analysis  are  shown 
in  Fig.  3.3.8.  Thev  give  the  relationship  between  (Dr)  and  (G(Njj+0.S)/Go) . 
In  the  range  of  the  tested  values  of  (Dp)  of  (40%)  to  (85%),  the  follow¬ 
ing  correlation  relationship  taken  as  the  simplest,  and  linear  is  as 
follows: 


1  =  A  +  BX 

1  =  G(Bl  +  0.5  )/Go  in  % 

X  =  (D  )  in  %  (3.3.3) 

r 

A  =  -6.68 
B  =  0.43 

1  =  -6. 68  +  0. 43X 

If  it  is  assumed  that  the 
can  apply  to  very  loose  sands, 

1=0  X  = 

G(Nt+0.5)  =  0  D  = 

L  r 

A  conclusion  follows  from 
state  (a*  \=0)  is  reached,  a  full  reduction  'n  the  soil  strength  takes 
place.  It  means  that  when  the  (oJ \=0)  stat  is  reached,  the  state  of 
true  liquefaction  takes  place  at  the  same  uie. 

A  special  reference  should  be  given  to  the  question  of  further 
^  soil  behaviour  after  (a*  \=0)  is  reached.  For  the  definition  of  this 
■  behaviour,  several  experiments  have  been  carried  out  in  which  the 
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obtained  simple  linear  function  (3.3.5) 
it  is  obtained: 


15.53% 

15% 


(3.3.6) 

(3.3.6)  that  for  (0^=15%),  3fter  the 
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Fig.  3.3.8.  Relationship  between  the  normalized  modulus  ((Gtfr+0.5)/G  ) 
and  (Zy 
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excitation  of  models  continued  after  (a* \=0)  was  reached.  The  represent¬ 
ative  records  of  (T)»  (y)»  (o*  i)  and  (u)  and  of  the  curves  (t/y)  have 
been  shown  In  Fig.  3.3.9.  It  can  be  seen  that  even  after  (o* i =0) ,  (t) 
continues  to  decrease.  This  decrease  Is  followed  by  the  decreasing 
of  (<7*  lr)  and  (^u) »  and  Increasing  of  (uj,) ,  while  the  state  (cr*  1  =0) 
continuously  Is  maintained.  Accordingly,  the  curves  (t/y)  continue 
rotating  towards  the  (y)  axis.  A  conclusion  follows  that  (G(Bi+0 .5) ) 
as  a  residual  modulus  in  the  (Ni+O.S)  cycle  is  not  a  minimum  one,  but 
it  continues  decreasing.  Finally,  after  a  larger  number  of  applied 
cycles,  (cr*})  and  (o'O  become  equal  with  total  reduction  of  (Au) 
and  complete  drop  in  the  strength  of  the  model. 

Having  In  mind  this  behaviour,  it  was  adopted  that  the  functions 
(3.3.3)  and  (3.3.4)  apply  even  after  W/.njjV +0.5))  •  Interesting  data 
are  obtained  In  this  case.  Thus,  the  function  (3.3.3)  gets  a  value 
of  (0)  for  (X=2)'- 

1=1-  XU.1218  +  0.114ZX)/( 0.1400  +  1.2B09X) 

X  =  2 

1  =  0.0  (3.3.7) 

:  x  =  x/(sL  +,  o.s) 

I  =  G/Go 

Based  on  (3.3.7),  a  conclusion  can  be  made  that  If  for  reaching 
( cr*  ]~0)  the  (n£)  number  of  cycles  is  necessary  In  which  a  residual 
modulus  ( G(Nj+0.S ))  is  obtained,  then,  for  complete  strength  reduction 
of  the  model  practically  (2)  times  larger  number  of  cycles 
is  necessary  for  sands  with  (D J  of  (40%)  to  (55-66%) . 

Similarly,  it  follows  from  the  function  (3.3.4)  that: 

1=1-  XC1.1202  +  0.2U2X)/( 0.1569  +  1.S812X) 

X  =  2.48 

1=0.0  (3.3.8) 

X  =  N/(NL  +  0.S) 

1  =  G/Go 

Based  on  (3.3.8),  the  conclusion  for  sands  with  ( D p  from  (60%) 
to  (70%)  would  be  that  a  complete  strength  reduction  would  take  place 
under  (2.5)  times  larger  number  of  cycles  in  respect  to  (JV£) . 

The  functions  (3.3.3),  (3.3.4)  and  (3.3.5)  can  be  used  as  a  basis 
for  establishment  of  more  relationships  for  the  decrease  of  ( G )  in 
correlation  with  (G(Nj+0.5))  and  (D^) . 

Therefore,  the  (G/Go)  relationships  have  been  defined  for  a  wider 
range  of  (Dj  values.  The  seme  Is  presented  in  Table  T.3.3.I. 

The  same  analytical  expression  (3.3.2)  has  been  adopted  for  defi¬ 
nition  of  (G/G0)  for  the  wider  range  of  (D-)  due  to  its  suitability 
for  correlation  with  the  experimental  results. 

In  this  way,  the  problem  is  reduced  to  determination  of  coefficients 
(A),  (B).  (C)  and  (0). 

In  (Dj)  range  up  to  (90%),  the  coefficients  (A)»  (B) >  ( C )  and 
(D)  have  been  defined  for  (8)  functions  (3.3.2).  The  coefficients  have 
been  determined  on  the  basis  of  the  characteristics  of  functions  (3.3.3) 
and  (3.3.4)  yielding  the  relationship  between  the  decrease  in  (G/G0) 
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Fig.  3.3.9./1  Representative  results  from  tests  under  cyclic  shear 
strains  with  (y =1%) 

a)  time  history  of  shear  stress  (x) 

b)  time  history  of  cyclic  strains  (y) 

c)  time  history  of  vertical  stresses  (o' j) 
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Fig.  3.3.9./2  Representative  results  of  tests  under  cyclic  shear 
strains  with  ( y=l% ) 

d)  tine  history  of  nonlinear  relationships  (t/y) 
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densities  (Z?r) 


and  {n/(Wl+0.5))  determined  by  statistic  processing  of  a  number  of 
experimental  results,  and  on  the  basis  of  function  (3.3.5)  yielding 
the  relationship  between  (G(Nr+0.5 ))  and  (j)r ).  The  obtained  coefficients 
are  presented  In  Table  T.3.3.1.  They  have  been  used  for  definition 
of  functions  (3. 3. 2/1)  to  (3 .3.3/8) . 

Functions  (3. 3. 2/1)  to  (3. 3. 2/8)  are  presented  graphically  in 
Fig.  3.3.10. 

Function  (3. 3. 2/1)  refers  to  very  loose  sands  with  (Pr )  up  to 
(.20%).  It  acquires  the  value  of  (0)  for  (X=N/(Ni+0.5)  )  •  This  means 
that  total  reduction  in  strength  takes  place  if  (a*  ^=0)  is  achieved 
in  very  loose  sands  having  (D  <20% ) . 

For  the  other  functions  (3. 3. 2/2)  to  (3. 3. 2/8),  the  value  of 
(Y=G(Nl+0.5)/Go>0)  is  obtained  fox  (X=l )  •  This  means  that  total  reduction 
in  strength  is  not  taking  place  if  (a*  \=0).  Modulus  (G ( Njj+0 . 5) )  cor¬ 
responds  to  this  state.  However,  the  elongation  of  the  dynamic  excitation 
beyond  (cr*  i=0 )  induces  continuation  in  the  (G(H^+0.5 )  decrease.  If, 
on  the  basis  of  experimental  results,  it  is  adopted  that  the  same 
relationships  as  those  up  to  state  (aJ\=0)  hold  for  this  decrease, 
the  characteristic  number  of  cycles  (Xll)  f or  the  occurrence  of  total 
reduction  of  (G)  can  be  defined: 

Y  =  1  -  X(A  +  BX)/(C  +  DX)  =  0 

Y  =  G/Go  0.3.9) 

X  =  XLL  =  ULL/(h  +  °'5) 

where : 

Nrr-  number  of  cycles  for  total  reduction  of  (G) . 

Lib 

The  (Nll)  values  have  been  defined  for  functions  (3. 3. 2/2)  to 
(3. 3. 2/8)  and  are  given  in  Table  T.3.3.1  in  the  form  of  Wii/fN^+O. S) 
relationships.  QILi=(St+0,S))  for  function  (3. 3. 2/1).  The  $rr)  values 
are  presented  in  Fig.  3.3.10.  "" 

The  obtained  results  lead  to  the  conclusion  that  the  necessary 
number  of  cycles  for  total  reduction  in  strength  of  sands,  depending 
on  their  relative  density,  is  more  than  (3)  times  the  number  initiating 
liquefaction  occurrence  for  the  very  dense  sands.  ’ 


4.  RESPONSE  ANALYSIS  OF  SOIL  SUBJECTED  TO  DYNAMIC  EXCITATIONS 
RESULTING  IN  PORE  PRESSURE  INCREASE 


The  response  analyses  of  water-saturated  cohesionless  soil  exposed 
to  dynamic  excitation  inducing  pore  pressure  increase  is  the  complex 
aspect  of  the  liquefaction  problem.  The  complexity  of  this  aspect  results 
from  the  fact  that  the  problem  of  determination  of  dynamic  response 
of  soil  which  is  already  very  complicated  is  even  aggravated  due  to 
the  effect  of  pore  pressure  increase. 

The  response  of  soil  excited  by  stfong  motions  is  basically  a 
nonlinear  problem.  Strong  earthquakes  cause  considerable  shear  strains 
in  soil,  which  are  even  beyond  the  range  of  (10 ~  ~10~2  %  ).  Soil  behaviour 
in  such  conditions  is  characterised  by  a  pronounced  nonlinearity.  In 
the  conditions  of  pore  pressure  Increase,  this  nonlinear  behaviour 
acquires  a  new  dimension,  transformation  of  the  nonlinear  properties 
during  the  dynamic  excitation. 


For  Che  last  years,  a  considerable  progress  has  been  made  consider¬ 
ing  Che  developnenc  of  soluCions  and  methodologies  for  Che  analysis 
of  Che  nonlinear  dynamic  response  of  soil.  As  Che  problem  is  racher 
complicated,  Che  soluCions  are  associaCed  with  certain  simplifications 
regarding  Che  geometry  of  soil  and  the  characteristics  of  the  dynamic 
excitation.  These  achievements  have  been  used  as  a  starting  point  in 
the  investigations  presented  herein,  directed  towards  finding  solutions 
and  methodology  for  analysis  of  the  dynamic  response  of  soil,  which 
is  characterized  by  nonlinear  behaviour  and  the  possibility  of  transfor¬ 
mation  of  the  initial  nonlinear  characteristics  due  to  the  pore  pressure 
Increase. 

The  transformation  of  the  initial  nonlinear  characteristics  has 
been  investigated  on  the  basis  of  the  results  of  laboratory  testing 
and  defining  the  relationships  of  pore  pressure  increase,  liquefaction 
occurrence,  shear  moduli  decrease  and  transformation  of  the  (t/y) 
relationships,  as  strain  dependent. 


4.1.  Nonlinear  Dynamic  Response  of  Soil 

The  problems  associated  with  the  dynamic  response  of  soil  involve 
determination  of  motions  and  their  time  and  special  variations  within 
the  frames  of  soil  medium.  Induced  by  a  known  motion  at  some  point 
or  level  at  the  base,  the  inside  or  the  surface  of  the  soil.  The  solutions 
of  the  problem  are  still  under  development,  so  that  further  investigations 
are  needed.  For  the  time  being,  dynamic  response  can  be  determined 
by  Introducing  simplifications  regarding  the  excitation  (in  case  of 
earthquakes),  as  well  as  the  geometry  and  the  characteristics  of  the 
soil  (Lysmer  1978  /26/) . 

The  earthquake  excitation  basically  includes  body  waves  which 
propagate  vertically  or  at  some  angle  from  the  elastic  half-space  and 
horizontally  propagating  surface  waves.  However,  considering  the  effects 
in  the  soil,  most  methods  for  analysis  of  soil  response  include  simplifi¬ 
cation  of  vertically  propagating  shear  waves  according  to  the  concept 
of  Kanal  (1952),  Lysmer  (1978  /26/).  The  predominant  effect  of  the 
vertically  propagating  shear  waves  is  mostly  expressed  in  the  horizon¬ 
tally  layered  soil.  These  conditions  are  most  commonly  considered  from 
the  viewpoint  of  liquefaction 'phenomenon.  The  solutions  where  the  remain¬ 
ing  possible  waves  are  considered  as  an  excitation  are  associated  with 
wider  simplifications  especially  regarding  the  material  properties 
of  soil  and  are  generally  in  frequency  domain.  Taking  this  into  account, 
as  well  as  the  predominant  Influence  of  shear  waves  on  pore  pressure 
generation,  these  Investigations  have  been  oriented  towards  finding 
solutions  to  dynamic  response  of  soil  excited  by  vertically  propagating 
shear  waves . 

As  to  the  geometry,  the  prevailing  solutions  are  associated  with 
the  horizontally  layered  soil  when  it  is  possible  to  apply  one-dimensional 
soil  models.  The  solutions  considering  two-dimens  ions.1  and  three-dimen¬ 
sional  models  are  associated  with  simplifications,  which  are  basically 
reduced  to  application  of  linear  and  equivalent  linear  models  of  soil 
material  properties  and  solutions  to  the  equations  of  motion  in  frequency 
domain.  From  the  viewpoint  of  problems  connected  with  the  liquefaction 
phenomenon,  these  solutions  are  still  not  satisfying  the  requirements 
set.  This  refers  primarily  to  consideration  of  the  nonlinear  soil  proper¬ 
ties  and  response  analysis  in  time  domain. 
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The  one-dimensional  model  of  soil  may  belong  to  the  class  of  continuum 
or  discrete  models.  The  equation  of  motion  for  the  continuum  models  is: 


^  =  p(t) 
3r 


(4.1.1) 


where: 


V 


& 


(q)  -  shear  modulus 

(p)  -  viscosity  coefficient 

(p)  -  mass  density 

(u(y, t))  -  relative  displacement 

(.p(t)i  -  excitation  at  time  (t) 

The  equation  of  motion  for  the  discretized  soil  model  is  the 
following:  > 

HU  +  CU  +  KU  =  P  (4.1.2) 

where: 

M  -  mass  matrix 
C  -  damping  matrix 
'  K  ...  -  stiffness  matrix 

Ut U, U  -  displacement,  velocity  and  acceleration  vectors 
P  -  excitation  vector 

As  to  the  soil  properties,  linear,  equivalent  linear  and  lately 
nonlinear  models  have  been  developed.  However,  the  behaviour  of  soil 
during  strong  earthquakes  is  nonlinear.  Hence,  linear  models  are  re¬ 
presenting  only  a  rough  approximation  to  the  soil  material  properties. 

A  considerable  progress  has  been  made  by  application  of  the  equi¬ 
valent  linear  material  properties.  Seed  and  Idriss  1970  /45/,  Hardin 
and  Drnevich  1972  /45/,  using  equivalent  linear  model.  This  model  re¬ 
presents  the  first  approximation  to  the  nonlinear  models.  Applying 
the  Iterative  procedure,  this  model  makes  possible  to  coordinate  the 
equivalent  moduli  and  material  dampings  with  the  developed  strains. 

For  the  strain*  developed  under  strong  excitation,  this  means  high 
reduction  of  initial  elastic  moduli  and  considerable  increase  of  material 
damping. 

Finally,  the  application  of  the  nonlinear  models  makes  possible 
to  simulate  the  true  nature  of  the  material  behaviour  of  soil  during 
strong  dynamic  excitations.  Several  constitutive  laws  have  been  defined 
according  to  the  concept  of  Massing  (1927),  Chen  and  Joyner  (1974)  /7/, 
expressed  through  the  following  hypotheses: 

•  Damping  is  of  the  hysteretic  nature  and  is  idependent  on  the 
rate  of  strain; 

•  The  nonlinearity  of  the  material  is  of  plastic  nature.  The  stif¬ 
fness  of  the  material  is  independent  of  the  history  of  the  load¬ 
ing  as  it  returns  to  its  maximum  at  each  change  of  the  loading 
direction; 

•  Under  harmonic  loading  of  constant  amplitude,  the.  hysteretic 
damping  provides  steady-state  response  after  few  cycles. 

On  these  bases,  two  classes  of  models  to  be  applied  in  modeling 
of  material  properties  of  soil  have  been  distinguished:  the  Ramberg- 
Oegood  models  (Yoshlml,  Richart  et  al.  1977  /46/,  Hardin  and  Drnevich 
1972  /45/,  Streeter  et  al.  1974  /45/,  Finn  et  al.  1977  /14/,  Ishihara 
and  Tovhata  1980  /19/)  and  the  Davldenkov  models  (Martin  and  Seed  1978 
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Strains  are  functions  of  stresses  according  to  Ramberg-Osgood 
model  given  by  the  following  loading  and  unloading  relationships: 

•  Loading 

•  Unloading 

(4.1.4) 

where  (Go)  is  shear  modulus  for  low  strains,  while  (F)  is  a  nonlinearity 
function. 

On  the  contrary,  Davidenkov  model  considers  stresses  as  functions 
of  strains  and  is  given  by  the  following  relationships: 

•  Loading 

|  =  (4.1.5) 


•  Unloading 

%  =  Go  (A*1*6) 


Applying  the  nonlinear  soil  models,  the  equations  of  motion  for 
both  the  continuum  and  the  discrete  system  (4.1.1,  4.1.2)  are  solved 
by  direct  integration  in  time  domain.  The  integration  is  performed 
in  successive  time  intervals  selected  to  provide  stability  and  accuracy 
of  the  solution. .The  structural  properties  of  the  system  are  assumed 
to  be  constant  within  each  time  step.  This  practically  means  application 
of  the  equivalent  linear  integration  operator  (Martin  1975  /45/) , 

Several  methods  have  been  developed  for  analysis  of  the  nonlinear 
soil  response  by  continuum  models  (Equation  4.1.1)  and  models  with 
discretization  of  the  soil  profile  (Equation  4.2.1).  The  solutions 
are  provided  by  applying  the  method  of  characteristics,  finite  dif¬ 
ferences,  concentrated  masses  and  finite  elements.  As  it  is  impossible 
to  mention  all  authors,  only  the  references  referring  to  solutions 
and  methods  /8,  26/  will  be  mentioned.  These  solutions  are  known  as 
solutions  by  total  stresses. 

Some  of  the  solutions  to  the  nonlinear  dynamic  response  have  been 
developed  further  in  order  to  take  into  account  the  effect  of  pore 
pressure  increase.  Such  solutions  are  given  by  Finn  et  al.  1977  /13/, 
Liou  1976  /45/ ,  Ishihara  et  al.  1980  /19/,  Martin  and  Seed  1978  /28, 

30/.  They  are  known  as  solutions  by  effective  stresses. 

An  analysis  of  the  known  solutions  to  the  nonlinear  soil  response 
has  bean  performed  in  order  to  use  the  experience  gathered  so  far  and 
select  the  most  suitable  method  which  will  serve  as  a  starting  point 
in  solving  dynamic  response  by  transformation  of  the  initial  nonlinear 
soil  characteristics.  Generally  speaking,  most  of  the  solutions  could 
have  been  used  for  this  purpose.  However,  priority  has  been  given  to 
Martin's  method  (1975  /45/)  applied  in  the  computer  programme  MASH 
/ 28/  taking  into  account  the  investigations  discussed  in  Chapters  2 
and  3,  where  liquefaction  parameters  are  defined  by  cyclic  strains. 
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The  suitability  of  this  method  lies  mainly  in  the  applied  model  of 
the  material  properties  of  soil.  The  Martin-Davidenkov  model  belongs 
to  the  class  of  models  where  stresses  are  expressed  as  functions  of 
shear  strains  (Equations  4.1.5  and  4.1.6)  so  that  the  defined  lique¬ 
faction  parameters  can  directly  be  introduced  as  dependent  upon  shear 
strains. 


4.2.  Nonlinear  Dynamic  response  Applying  the  Martin-Davidenkov 
Model  and  Direct  Integration  with  Cubic  Inertia  Method 

The  solution  of  the  nonlinear  dynamic  response  by  application 
of  Martin-Davidenkov  model  and  direct  integration  with  cubic  inertia 
method  refers  to  horizontally  layered  soil  medium  excited  by  vertically 
propagating  shear  waves  (Martin  and  Seed  1978  /28/) . 

,  The  soil  medium  is  discretized  by  one-dimensional  finite  elements. 
The  general  equation  of  motion  for  the  discrete  system  is  given  by 
(4.1.2).  It  can  also  be  presented  as  follows: 

MU  =  P  -  CU  -  KU  (4.2.1) 


4.2.1.  Solution  of  Equations  of  Motion 


The  method  from  the  class  of  algorithms  with  inertia  forces  known 
as  integration  method  with  cubic  inertia  force  (Arguris  et  al.  1973 
/2 /,  1973  / 3/)  has  been  selected  among  the  possible  methods  for  direct 
integration  of  equations  of  motion  (4.2.1). 

According  to  the  class  of  inertia  algorithms,  the  variation  of 
the  relative  inertia  force,  from  the  general  equation  of  motion  (4.2.1) 

R  =  MU  -  (4.2.2) 

at  the  time  step  of  the  integration  (At) ,  is  approximated  by  some 
function,  the  general  form  of  which  is  given  by: 

r  =  f(Ro ,  r2,  r  ,  R2,  R^  Ry...)  (4.2.3) 

The  indices  (o)  refer  to  the  inertial  force  and  its  derivatives 
at  time  (tJ,  at  the  beginning  of  time  step  (At),  while  (2)  are  as¬ 
sociated  with  the  end  of  this  step,  at  time  (tj=t0+kt) .  The  simplest 
approximation  with  (4.2.3)  is  to  consider  constant  inertial  force, 
while  linear  variation  at  interval  (At)  will  be  considered  in  the  fol¬ 
lowing  approximation: 


R  =  bR -  +  (1  -  b)  R„ 
1  o 

t  -  sAt,  0  <  8  <_  1 


(4.2.4) 


The  exactness  is  improved  with  the  increase  of  the  order  of  ap¬ 
proximation.  On  the  basis  of  the  performed  analyses  of  the  influence 
of  the  approximation  order >  / 2,  28/  Martin  applied  approximation  of 
third  order  as  sufficiently  exact.  The  solution  by  this  approximation 
is  known  as  cubic  Inertia  method,  or  Arguris’  method. 


The  main  assumption  of  this  method  is  that  the  relative  inertia 
force  varies  as  cubic  function  of  time  at  the  integration  time  step. 
The  cubic  function  is  defined  by  four  constants  as  well  as  the  values 
of  Inertia  force  (R)  at  the  beginning  and  the  end  of  time  step  and 
its  derivatives  (R) : 
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*  =  Vo  *  w< 


'o  +  Vi  +  Vi 


(4.2.5) 


In  (4.2.5),  G?^),  &iq)>  @ Qi )  and  (Pjj  )  are  Hermitlan  polynomial 
of  third  order: 

a  =  1  -  $e2  +  2eS 

0°  o  , 

B10  *  (a  “  28  +  8  ;  A* 

5.,  =  3s2  -  2a3  (4.2.6) 

j?23  =  +  a6)  a* 

A  -  sAt,  0  <_  a  <_  1 

Considering  (4.2.5)  and  (4.2.6),  the  increments  of  relative  velocity 
and  relative  displacement  at  time  step  (At)  are  obtained  by  two  successive 
integrations  of  equation  (4.2.2)  over  time. 


where: 


MM  =  —  (6R0  +  A«?  +  6R ,  -  A tRJ 
12  A +2  0  1  .  1 

MM  =  MU  At  +  (21/?  +  3A +  9R.  -  2MRJ 

o  60  o  0  1  1 


m  =  u,  -  y 

1  o 


M  =  U.  -  U 
l  o 


(4.2.7) 

(4.2.8) 

(4.2.9) 

(4.2.10) 


Equations  (4.2.7)  and  (4.2.8)  are  the  main  equations  of  the  algorithm. 
They  determine  displacement  and  velocity  at  the  end  of  the  time  step 
(A t)  as  well  as  stresses  and  Internal  forces.  The  iterative  procedure 
makes  possible  .to  bring  into  accordance  the  inertial.  Internal  and 
excitation  forces. 

In  the  solution,  the  equation  of  motion  at  some  level  (i )  of  the 
system  is  of  the  following  type: 


m.U.  +  t.  -  t 


=  -m.U, 


(4.2.11) 


where : 


-  concentrated  mass  at  level  (£) 

-  stress  in  element  (£),  immediately  below  level  (£ ) 

-  stress  in  element  (t~2),  immediately  above  level  (^) 
ii£  -  relative  acceleration  in  respect  to  the  base 

fffc  -  acceleration  at  the  base 

Based  on  the  performed  analyses,  Martin  1975  /45/  concluded  that 
the  direct  integration  by  cubic  Inertia  method  is  accurate  and  stable 
for  the  condition  (A t/7K0.S),  where  21"  natural  period  of  the  system 
(1978  /28/) . 


4.2.2.  Martin-Davidenkov  Model 

A  nonlinear  model,  which  has  especially  been  developed  as  a 
constituent  part  of  the  response  analysis  methodology  has  been  applied 
in  modeling  of  the  behaviour  of  soil  medium. 

The  nonlinear  model  defined  as  Martin-Davidenkov  model  / 28/  has 
been  developed  on  the  basis  of  Davidenkov  model  given  by  the  general 
equations  (4.1.5)  and  (4.1.6). 

For  symmetrical  hysteretic  relationship,  it  is  the  following: 


^min  ~ 


(4.2.12) 
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so.  that  by  substituting  (y=ymax) ,  i.e.  (y=y_;n)>  the  following  expres¬ 
sion  Is  obtained  for  the  tangent  modulus,  iSiediately  before  changing 
the  loading  direction: 

ll-WJI  (4.2.13) 

By  integration  of  (4.2.13)  for  the  family  of  values  (’Ymr ) »  the 
following  is  obtained: 

Y  Y 

t  =  /  G  \l  -  F(2n.>  dn  =  G  y\l  ~~  l  F(2x\)  dn|  (4.2.14) 


that  is, 

t  =  G*y 


(4.2.15) 


G*  =  G  1 1  -  -  f  F(2t))  dn| 
o  '  y  Q 


(4.2.16) 


According  to  definition,  ( G *)  is  a  secant  modulus  in  respect  to 
strain  (y) . 

Defining  a  new  function  ( H(y )): 

1  Y 

H( y)  =  ^  /  F(2r\)  dn  (4.2.17) 

the  following  expression  is  obtained  for  ( G *): 

G*  =  Gq  | 3  -  B(y)\  (4.2.18) 

The  secant  modulus  ( G *)  is  defined  on  the  basis  of  experimental 
results.  Accordingly,  function  reflecting  the  nonlinearlity 

of  (G*)  is  defined  in  the  same  way,  Martin  defines  ( H(y ))  function 
by  the  following  expression 

I  ,  1 2B  A 

air)  =  -  (4.2.19) 

2.|y/t0|2S 

\ 

where 

y0  -  reference  strain 

A,B  -  parameters  defined  on  the  basis  of  experimental  results. 

Differentiating  (4.2.17),  the  following  expression  is  obtained 
for  (F) : 


F(2y)  =  H(y)  +  y^£ 


(4.2.20) 


Considering  expression  (4.2.19),  the  following  is  obtained: 

i  1 2AB 


I v/Sv  \6HO 


(4.2.21) 


The  basic  equations  of  the  Martin-Davidenkov  model  have  been  obtained 
from  the  main  equations  (4.1.5)  and  (4.1.6)  of  the  Davidenkov's  model. 

The  Integration  form  of  (4.1.5)  and  (4.1.6)  is  the  following: 

T  “  rmin ’*  '  Go^  ”  r(K  -  Vmin)\dZ  (4.2.22) 


45 


(4.2.23) 


T~W  =  f  Go  l-Ffy^-V  |  dc 
Jmax 


Substituting: 


2n  -  5  -  y^,  2dn  -  <*5,  ne|0. 


Y  “  Y. 


that  is. 


2n  -  ymix  ~  C,  2dn  -  -  d£,  ne  1 0, 


y___-y 

wax  t 


It  is  obtained 


T~Tmin  =  S°lT~YwtnH3  ~  f-/  .  '  F(2n)dn|  (4.2.24) 

'min  o 

-  -2  (4.2.25) 

’-T max  *  ‘  ^ - =7  '  F(2n)<in| 

wax  a 

Applying  (4.2.17),  the  following  basic  expressions  are  obtained: 
•  for  loading 


T  '  Tmin  =  Go^miJ  "  H(~'  'Z™'  I 
•  for  unloading 

\1  -  H(yJ2f.)\ 


(4.2.26) 


(4.2.27) 


Using  the  results  of  laboratory  testing  of  moduli  (q)  and  damping 
(D),  Martin  (1975  /45/)  defined  the  (yQ),  U)  and  (B )  parameters  for 
sands  and  clays,  respectively.  The  results  of  the  tests  performed  by 
Seed-  and  Iddrlss  (1970)  have  also  been  used.  The  following  values  have 
been  obtained  for  sands: 


A  =  0.9 ,  B  =  0.413,  y  =3.16-10 
■*  'o 


and  clays: 


A  =  0.2,  B  =  0.5,  y  =5-10 
*  'o 


(4.2.28) 


(4.2.29) 


4.3.  Model  of  the  Initial  Soil  Properties  Transformation 

According  to  Martin-Davidenkov  model,  the  (T/y)  nonlinear  relation¬ 
ships  have  been  obtained  by  functions  (4.2.26)  and  (4.2.27).  In  these 
functions,  (q0 )  occurs  as  a  characteristic  constant  representing  the 
initial,  maximum  shear  modulus.  Nonlinearity  is  considered  by  function 
(H(y))  given  in  equation  (4.2.19).  Stresses  (T )  are  determined  by 
functions  (4.2.26)  and  (4.2.27)  in  the  range  from  (y-j,,)  to  (y  ) 

during  loading,  l.e.  from  (y  )  to  (y  .  )  during  unloading.  max 

max  wt»n 

This  model  is  successfully  applied  when  initial  soil  properties 
are  considered  to  be  constant  during  the  dynamic  excitation. 

These  are  the  conditions  when  dynamic  excitation  Induces  neither 
special  effect  due  to  loading  nor  variation  of  efff active  stresses, 
which  is  even  more  important. 


46 


However,  the  nonlinear  relationships  (t/y)  do  not  remain  unvariable 
in  case  of  water-saturated  sands  under  the  conditions  of  pore  pressure 
generation  and  variation  of  effective  stresses.  For  the  strain  range 
of  (y ntin)  to  (Xmas')*  they  vary  from  cycl*  to  cycle,  transforming  them¬ 
selves  as  a  result  of  the  decrease  in  strength.  Typical  examples  of 
such  a  transformation  are  presented  in  the  figures  in  Chapter  3. 

Analysing  the  experimental  results  of  these  investigations,  it 
has  been  concluded  that  the  maximum  initial  modulus  ( G0 )  does  not  remain 
unchanged  throughout  cyclic  loading.  It  degrades  proportionally  to 
the  decrease  of  effective  strasses,  as  discussed  under  Item  3.3.  On 
the  basis  of  this,  it  has  been  estimated  that  modeling  under  the 
discussed  conditions  can  be  performed  by  a  model  in  which  modulus  (G) 
will  also  be  a  variable  parameter.  The  variation  of  (G)  is  in  function 
of  the  number  of  cycles  in),  i.e.,  the  semi-cycles  (n).  This  concept 
is  presented  in  Fig.  4.3.1. 

Taking  Martin-Davidenkov  model  as  a  starting  point,  the  model 
based  on  the  upper  stated  concept  is  considered  by  the  following  mathe¬ 
matical  expressions: 

-  =  a(n~V  I Y-VJ  )  I  («.3.D 

(4.3.2) 

Functions  (4.3.1)  and  (4.3.2)  referring  to  loading  and  unloading, 
respectively,  define  stresses  (r(n))  and  (t (n+1))  in  strain  range  of 
(Ymin-Yinax)  at  aanii-cycles  (n)  and  {n+1).  The  extreme  stresses  (Twtn(n-^)) 
and  {xmxr(n))  occur  as  functions  of  (n) ,  however,  being  defined  at 
the  previous  excitation  semi-cycle,  they  appear  as  constants  during 
the  current  semi-cycle.  The  initial  modulus  (G(n-D),  i.e.,  ( G(n )) 
occurs  also  as  a  function  of  (n)  and  is  practically  the  parameter 
defining  the  transformation  of  the  nonlinear  curves.  It  is  also  defined 
in  the  previous  semi-cycle  and  occurs  as  constant  in  the  current  one. 
Hence,  definition  of  the  model  is  reduced  to  definition  of  the  {G(n)) 
function. 

The  bases  for  definition  of  the  ( G(n ))  function  are  given  by' the 
investigations  presented  in  Chapter  3,  Item  3.3.  v 

The  complicated  behaviour  of  soil  under  the  conditions  of  variable 
initial  characteristics  due  to  pore  pressure  increase  and  decrease 
of  effective  stresses  has  been  interpreted  mathematically  by  the  defined 
model  of  nonlinear  relationship  (y/y)  and  transformation  of  the  initial 
characteristics.  The  nonlinear  relationship  (x/y)  of  the  model  varied 
proportionally  to  the  variation  of  the  initial  modulus  (G),  which  occurs 
as  a  parameter  governing  transformation.  The  model  is  defined  on  the 
basis  of  experimental  nonlinear  relationships. 


4.4.  Model  for  a  Dynamic  Response  Analysis  of  Soil  with  Included 
Pore  Pressure  Increase 

A  model  for  dynamic  response  analysis  of  soil  with  included  pore 
pressure  increase  has  been  defined  on  the  basis  of  results  of  the 
previously  discussed  investigations. The  model  is  presented  in  Fig. 
4.4.1. 

The  model  Includes  the  following  relationships: 
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Fig.  A  . 3.1.  Model  of  nonlinear  relationship  (t/y): 

a)  with  constant  initial  properties 

b)  with  transformation  of  initial  properties 


& 
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1.  Relationship  between  shear  strain  amplitude  and  number  of 
cycles /semi-cycles  for  occurrence  of  pore  pressure  of  (100%); 

2.  Pore  pressure  increase  function; 

3.  Maximum  shear  moduli  decrease  functions;  and 

4.  Transformation  model  for  the  nonlinear  relationships  (r/y). 

The  relationship  between  (y)  and  Of)  for  the  occurrence  of  (u=a*  io) 
presented  in  Fig.4.4.1.1has  been  defined  by  the  Investigations  in  Chapter 
3,  Item  3.1.  It  is  given  by  function  (3.1.8)  and  is  directly  applied 
in  the  model. 


The  Increase  function  of  (u)  is  presented  in  Fig.  4.4. 1.2.  It 
is  defined  by  the  investigations  in  Chapter  3,  Item  3.2  and  is  given 
by  (3.2.3).  It  is  also  directly  applied  in  the  model. 


The  decrease  functions  of  the  maximum,  initial  shear  moduli  have 
been  defined  in  Chapter  3.  Item  3.3.  They  are  given  by  (3. 3. 2/1)  to 
(3. 3. 2/8),  directly  applied  in  the  model  and  presented  in  Fig.  4.4. 1.3. 


The  transformation  model  of  the  nonlinear  relationships  (t/y) 
is  presented  in  Fig.  4.4. 1.4.  It  has  been  defined  on  the  basis  of  functions 

(4.3.1)  and  (4.3.2)  and  is  given  by: 


t  (n)  -  t  .  (n-1-) 
mm 

t  (n+1 )  -  t _ (n) 

max 


y(n)-y.  (n-1) 

-  G(n-1 )  |  y  (n)  -  ym£n-(n-l)\\l-H( - ‘—g - )| 

(4.4.1) 

ymrr-(n)-y  (n  +  1 ) 

=  -G(n)\ymax(n)  -y(n+l)\\l-U(-^E. - - - ; 


2 

(4.4.2) 


Functions  (4.4.1)  and  (4.4.2)  define  stresses  ( t(n) )  and  (t(n+l))% 
at  semi-cycles  (n)  and  (n+1),  depending  upon  strains  (y(n))  and 
(Y (n+D),  respectively.  In  order  that  they  be  defined,  it  is  necessary 
to  define  previously  the  Initial,  extreme  points  with  arbitrary,  non- 
uniform  extreme  strains  (y min(n-l)) ,  i.e.,  (y^ x(n)) •  In  this  way, 
the  model  includes  strain  range  of  (y^^)  to  (yj^)  which  varies  from 
semi-cycle  to  semi-cycle  in  accordance  with  the  effects  of  the  dynamic 
excitation.  The  initial  moduli  (G(n~l))  and  ( G(nJ )  vary  in  accordance 
with  functions  (3. 3. 2/1)  to  (3. 3. 2/8). 


At  semi-cycle  (n) ,  the  (x(n)/y(n))  relationship  is  defined  by 

(4.4.1)  and  (4.4.2)  and  parameters  (G(n-l) ,  (wn(n-i;)  and  (y„in(n-l)) , 
that  is,  alternatively  by  (xmax(n-l))  and  (y^^fn-D),  which  are  defined 
at  the  preceding  semi-cycle.  At  the  semi-cycle  (n) >  the  extreme  point 
in  the  nonlinear  relationship  (A(n ))  is  determined  by  the  coordinates 
tTmax(n)>ymqx(n))  or  (Xmin(n)'yminM  alternatively. 

The  extreme  points  (A(n-l) )  from  the  preceding  semi-cycle  and 
(A(n))  define  the  cyclic  shear  strain  amplitude  at  the  semi-cycle: 

]2yri(n)\  =  Iy^Ch’  -y^(n-2)l  (4.4.3) 

where : 


Y r(n)  -  cyclic  shear  strain  amplitude  at  semi-cycle  (n); 

y/;(n-l)  -  strain  at  the  extreme  point  of  the  nonlinear  curve 

during  the  preceding  semi-cycle; 

Y /[(n)  -  strain  at  the  extreme  point  of  the  nonlinear  curve 

during  the  analysed  semi -cycle. 
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The  amplitude  (Yr)  defines  the  effects  of  the  semi-cycle  (n)  upon 
the  increase  of  (u)  and  decrease  of  (G) .  Proportionally  to  (y j/n)), 
the  equivalent  number  of  cycles  for  the  occurrence  of  (u=aJ jq) 

(Fig.  A. A. 1.1)  is  obtained  from  function  (3.1.8). 

The  increase  in  the  excessive  pore  pressure  ( hu(n))  is  obtained 
from  function  (3.2.3)  (Fig.  A. A. 1.2),  while  functions  (3 .3.2/1)  to 
(3. 3. 2/8)  yield  the  reduction  of  the  initial  modulus  (AG(n)).  Modulus 
(  G(n))  is  defined  by  reduction  (A  G(n)) .  The  determination  of  ( G(n) ), 

(  xmax(n))  and  (y moa/n))  or  <T minM )  and  (y min(n))  •  alternatively, 
makes  possible  to  define  the  {x(n+l)/y(n*l))  relationship  in  the  follow¬ 
ing  semi-cycle. 

On  these  bases  the  computer  program  KOLID  was  developed. 


5.  CASE  STUDIES 

In  order  to  verify  the  developed  methodology  for  dynamic  response 
analysis  of  soil  medium  under  the  conditions  of  pore  pressure  increase 
and  the  computer  programme  KOLID,  dynamic  analysis  of  3  models  of  soil, 
in  which  liquefaction  took  place  during  the  April  15,  1979  Montenegro 
earthquake,  has  been  performed.  A  model  of  soil  in  which  no  liquefaction 
has  been  observed  due  to  the  mentioned  earthquake  has  also  been  analysed. 

The  accelerograms  obtained  at  the  earthquake  epicenter  area  in 
the  vicinity  of  the  analysed  sites  have  been  used  as  dynamic  excitation 
in  the  analyses. 

For  the  applied  acceleration  time  histories,  the  following  time 
histories  of  response  parameters  have  been  obtained  by  the  analysis: 
pore  pressure,  accelerations,  strains,  stresses,  nonlinear  relation¬ 
ships  (t/y)  and  displacements  in  the  elements  of  models  at  different 
depths.  The  acceleration  time  histories  response  spectra  have  also 
been  determined.  These  parameters  have  been  determined  without  consider¬ 
ation  of  the  pore  pressure  increase  or  analysing  the  total  stresses 
(TO) ,  or  with  consideration  of  the  pore  pressure  increase  or  analysis 
by  using  the  effective  stresses  (EF).  • 

The  response  of  the  elements  in  which  liquefaction,  i.e.,  consider¬ 
able  pore  pressure  increase  occurs  as  well  as  the  reponse  at  the  surface 
of  the  models  are  of  special  importance  for  the  comparative  analysis 
of  the  dynamic  response  of  models  with  the  behaviour  of  soil  media 
at  the  sites  during  the  earthquake  of  April  15,  1979.  The  response 
parameters  of  these  elements  were  studied  in  details. 

As  an  example,  characteristic  results  obtained  for  the  model  (GTM1) 
for  Bijela  site  are  given  here. 

This  model,  representing  the  average  characteristics  of  the  site, 
is  considered  by  6  finite  elements  in  the  analysis. 

The  profile  to  which  the  model  refers  is  characterized  by  a  high 
level  of  underground  water  and  sands  susceptible  to  liquefaction, 
especially  at  depth  of  6  to  1A  m.  Element  (5)  with  ( Vao=lS0  m/s)  and 
(.0^=40%)  at  depth  of  {11, 5-13. 8m)  appears  as  element,  which  practically 
controls  the  behaviour  of  the  whole  model  under  the  conditions  of  pore 
pressure  increase.  Therefore,  the  response  of  this  element  will  be 
considered  separately  further  in  the  text. 
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For  an  excitation  by  the  componental  tine  history  (Herceg  Novi 
NS)  registered  near  the  site  during  the  earthquake  with  (amaje=0. 23g) 
there  is  very  high  increase  of  (u)  in  eleaent  (5)  having  the  maximum 
value  of: 

(ufa* io)s  =  0.89217 

initiating  a  state  which  is  very  close  to  initial  liquefaction. 

The  coaponental  tine  history  (Herceg  Novi  WE)  also  registered 
at  the  saae  tine  as  the  NS  coaponent  with  ,26g)  induces  also 

very  high  increase  in  (u)  having  aaxiaua  value  of: 

(u/o* i0)s  =  0.93601 

which  is  even  closer  to  the  initial  liquefaction. 

However,  the  equivalent  summarized  tiae  history  (Herceg  Novi  NS+WE) 
induces  increase  of  (u)  in  eleaent  (5)  having  aaxiaua  value  of: 

(«/o,10)  -  1.00 

which  corresponds  to  initial  liquefaction.  The  tine  history  of  (w) 
is  presented  in  Fig.  5.3.1. 

The  behaviour  of  eleaent  (5)  in  such  conditions  can  be  estimated 
by  comparative  analysis  of  some  dynamic  response  parameters  with  total 
stresses  (TO)  and  effective  stresses  (EF)  presented  in  Figs.  5.3.2 
to  5.3.7.  The  comparative  analysis  proves  that  pore  pressure  development 
results  in  the  following: 

«  Considerable  Increase  of  strains  in  the  element  (Figs.  5.3.2 
and  5.3.3); 

•  At  (14=0*10),  stresses  (t)  decrease  considerably  until  total 
reduction  in  strength  and  liquefaction  takes  place  (FigB.  5.3.4 
and  5.3.5); 

•  During  the  excitation,  the  nonlinear  relationships  (r/y)  in 
the  element  are  characterized  by  decrease  in  (t)  and  increase 

in  (y)  as  a  result  of  the  increase  in  (u)  and  "rotation"  towards 
the  (y)  axis  which  reflects  the  transformation  of  the  initial 
soil  properties  and  liquefaction  occurrence  (Figs.  5.3.6  and 
5.3.7). 

As  a  result  of  the  liquefaction  occurring  In  element  (5) ,  element 
(1),  the  behaviour  of  which  is  presented  in  Figs.  5.3.8  and  5.3.9, 
is  characterized  by  the  following: 

•  Seduction  of  accelerations  immediately  after  (u-o'10)  is  achieved 
in  element  (5)  (Figs.  5.3.8  and  5.3.9);  and 

•  Increase  in  horizontal  displacements. 

The  presented  soil  behaviour  modeled  by  (GXM1)  and  presented  by 
the  dynamic  response  parameters  of  elements  (5)  and  (l)  corresponds 
to  the  behaviour  of  soil  medium  at  the  Bijela  site  characterized  by 
liquefaction  occurrence  during  the  earthquake  of  April  15,  1979. 
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Strain  {%) 


Fig.  5.3.2.  Tlae  history  of  strain  (X)  in  a lament  No.  5  for  nodel 
GTM1  -  Bljela,  Hercsg  Novi  NS+WE  (0.33  g)  KOLID-TO 


5' 


Fig.  5.3.6.  Stress-strain 
GTM1  -  Bijela 


r  model 
D-TO 


Acceleration  (g) 


Fig.  5.3.8.  Tine  history  of  scce 
model  GTM1  -  Bijela, 
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6.  CONCLUSIONS 


The  soil  liquefaction  phenomenon  under  strong  earthquakes  is  a 
complex  problem  comprising  more  aspects.  The  main  aspects  deal  with 
investigations  of  the  process  leading  to  the  occurrence  of  (o>=  0) 
and  the  parameters  of  this  process  such  as  the  Increase  of'  (u) ,  decrease 
of  (6)  and  transformation  of  the  nonlinear  (t/y)  relationship,  as  well 
as  the  dynamic  response  and  the  behaviour  of  soil.  These  aspects  have 
been  investigated  in  this  report  applying  the  approach  with  cyclic 
strains . 

A  number  of  conclusions  came  out  of  the  obtained  results,  the 
most  significant  being  listed  as  follows: 

•  The  cyclic  shear  strains  can  represent  adequately  the  liquefaction 
parameters.  Compared  to  the  cyclic  shear  stresses,  this  represent¬ 
ation  is  simpler  one  since,  opposite  to  the  dominant  influence 

of  strains  which  in  fact  controls  the  liquefaction  parameters, 
all  other  investigated  influences  appeared  to  be  less  important. 

•  The  dynamic  response  of  the  soil  subjected  to  Intensive  earth¬ 
quake  motion  is  a  nonlinear  problem.  In  the  case  of  an  increased 

"  pore  pressure,  the  nonlinear  dynamic  response  is  dominantly 

controlled  by  the  transformation  effects  of  the  initial  nonlinear 
soil  properties,  especially  when  the  )  state  is  reached. 

•  The  liquefaction  parameters  defined  applying  the  cyclic  strain 
approach  enable  that  considerably  simpler  models  be  formulated 
for  the  response  analysis  in  the  case  of  an  increased  (u) . 

It  is  believed  that  the  Investigations  of  the  problems  related 
to  the  liquefaction  phenomenon  should  include  the  cyclic  strain  approach, 
besides  the  other  methods  and  procedures,  as  a  starting  point  in  defini¬ 
tion  of  the  adequate  solutions. 
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INTRODUCTION 


Dynamic  interaction  of  soils  and  structures  during  dynamic  excitation 
or  earthquakes  are  of  concern  for  the  design  of  structures  and  foundations 
and  also  for  the  proper  interpretation  of  the  strong  motion  data  recorded 
on  the  ground  floor  or  basements  of  structures.  It  is  well  known  that,  under 
certain  conditions,  soil  structure  interaction  effects  may  cause  significant 
difference  between  the  basement  and  free-field  motions.  In  fact,  it  has  recently 
been  shown  that  (Uerner  and  Agbabian,  1984)  the  motions  indicated  by  the 
El-Centro  record  of  the  1940  Imperial  Valley  Earthquake,  which  has  a  world¬ 
wide  use  as  free-field  seismic  input  for  the  design  of  structures,  may  be 
up  to  100%  below  that  of  free  field  for  frequencies  above  1.5  Hz. 

Through  the  use  of  finite  element  procedures  the  soil-structure 
interaction  problem  can  be  analysed  in  one  step  as  a  site-response  problem 
in  the  frequency  domain  (Lysmer  et  al.,  1975),  or  in  the  time  domain  (Bayo 
and  Wilson,  1983).  However  a  better  physical  understanding  of  the  problem 
can  be  gained  and  the  cases,  where  the  interaction  effects  can  be  substantial, 
can  be  identified  by  breaking  the  total  problem  into  seperate  parts  dealing 
with  the  structure,  soil  and  interface  conditions.  This  is  known  as  the 
sub-structure  approach. 

In  this  paper  a  three-degree-of -freedom  (3-D.O.F.)  model  for  the  soil- 
structure  interaction  problem  will  be  studied  on  the  basis  of  the  sub-structure 
approach  and  the  results  will  be  applied  to  obtain  the  transfer  function 
between  the  free  field  ground  and  structure-ground  level  motions  during  an 
earthquake . 
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SUB-STRUCTURE  FORMULATION 

The  sub-structure  formulation  is  essentially  based  on  the  determination 
of  the  total  motions  by  superposing  the  free-field  and  interaction  motions 
obtained  on  the  basis  of  seperate  analysis.  The  formulation  given  here 
follows  that  given  by  Gutierrez  and  Chopra  (1978)  and  Kausel  et  al.,  (1978). 

The  structure-soil  system  is  treated  as  two  sub-structures  shown  in 
Fig.l.  The  compatibility  of  the  displacements  and  the  forces  are  satisfied 
by  assigning  the  same  displacements  but  opposite  forces  at  the  structure- 
soil  interface. 

The  equations  of  motion  for  the  finite  element  model  of  the  structure 
alone  can  be  written  as  : 

[Mc]{rc}+  [Cc]{rc}+  [Kjty  -  {R<;}  -  [mJ {a)>  (1) 

where  : 

{rc>:  vector  of  relative  displacements  (with  respect  to  the  free-field 
displacements  at  the  structure-soil  interface)  at  the  degr*.es-of 
freedom  (D.O.F.)  associated  with  the  structure 

{rg}:  vector  of  relative  displacements  at  the  D.O.F.  associated  with  the 
structure  less  those  associated  with  the  interface 

{rfe}:  vector  of  relative  displacements  at  the  D.O.F.  associated  with  the 
interface 

(Rb):  vector  of  forces  due  to  soil-structure  interaction  at  the  D.O.F. 
associated  with  the  interface 

{a}  :  is  a  vector  related  to  the  free-field  accelerations  at  the  D.O.F. 

associated  with  the  interface  and  to  the  pseudo-static  deformations 
at  the  D.O.F.  associated  with  the  structure  (less  those  associated 
with  the  interface) 

*nd  [M,J »  [cj  and  [R(J  are  respectively  the  mass,  damping  and  stiffness 
matrices . 
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Figure  I.  Substructure  Representation  of  the  Structure  -  Soil  System . 


FHM*  2.  Planar  Rigid  Body  Motion  ot  the  Structure -Soil  htertooe. 
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Interfoce 

Compatibility 


The  vector  {a}  can  be  expressed  in  terms  of  the  free-field  accelerations 
at  the  D.O.F.  associated  with  the  structure-soil  interface  through  the 

use  of  pseudo-static  influence  coefficient  vector,  [v] ,  (Clough  and  Penzien, 
1975) . 

{a}  =  [V]  {r®>  (3) 

Where  the  superscript  "o"  identifies  free-field  quantities.  In  the  frequency- 
domain  Eqn.2  can  be  given  as  : 

peg  .  *  eg]  -  j°J  -  [pj  (?t>  <« 

•where  u>  is  the  excitation  frequency,  {?c),  {r^},  {R^}  and  {r°}  are  the 
Fourier  Transforms  of  the  respective  time-domain  quantities,  and  Jp^  is 
given  by  : 

[*<3  -  [m3  [V]  (5) 

For  the  soil  substructure  the  relationship  between  the  forces  and  the 
displacements  at  the  D.O.F.  associated  with  the  interface  can  be  given  in 
terms  of  the  so-called  impedance  matrix  (  [s^] ) , 

{Rf}  -  (6a). 

or  through  compatibility  relationships 

—  Csf]{y 

Substituting  Eqn.6b  in  Eqn.4  and  re-arranging  one  can  obtain  : 

-U)2[MC]+  iuCcJ  +  [Kc]  ♦  “  "[p(3{i:f}  (7) 

Solution  of  Eqn.7  requires  first,  the  analysis  of  the  soil  substructure  to 
obtain  the  free-field  earthquake  accelerations  at  the  interface  nodes  {r°} 
under  the  existing  seismic  regime,  and  second,  the  determination  of  the 
impedance  matrix  [s^] .  The  former  analysis  is  also  known  as  the  "scatter" 
or  "kinematic  interaction"  problem.  In  general  both  of  these  analysis 
require  discrete,  finite-element  type  treatment.  However  for  simple  geometries 
and  other  restrictive  assumptions  closed  form  solutions  have  been  developed. 
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Assuming  planar  rigid-body  motion  at  the  structure-soil  interface 
{r^}  can  be  expressed  as  : 


Where  x^,  y£  and  are  the  free-field  displacements  at  the  rigid  interface 
respectively  along  the  x,  y  and  ^  directions  as  shown  in  Fig. 2.  Assuming  that 
the  equations  of  motion  for  the  vertical  response  can  be  de-coupled  for 
seperate  treatment,  from  that  of  the  lateral-rocking  {r^}  wil  be  : 


For  a  lumped-mass  model  of  the  structure  with  one  lateral  degree-of- 
freedom  at  each  node,' as  indicated  in  Fig. 3,  the  matrices  in  Eqn.7  can  be 
derived  and  rearranged  as  follows  : 


“b 

[Mj{h} 


{h} 

{I}T  [M^{1 

(h}T  [Ms]0 


Figure  3.  Soil -Structure  Interaction  Model  Structure  Modeled  With  Lumped 
Masses  and  Rigid  Base 
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where  [k^] ,  jcj  and  [k^  are  the  conventional  mass,  damping  and  stiffness 
matrices  for  the  structure  obtained  on  the  basis  of  fixed  base  assumption, 
{l}  is  the  unit  vector,  {h}  is  the  vector  of  vertical  distances  of  the 
structural  nodes  from  the  interface,  m^  is  the  mass  of  the  base  of  the 
structure  and  is  the  sum  of  the  moments  of  inertia  of  the  lumped  oihsses 
about  their  own  centroidal  axis  of  rocking  and  the  of  the  base  mass  about 
the  axis  of  rocking  at  the  interface  level. 

The  displacement  vector  becomes  : 


ft}  •  \i 


where  tu)  is  the  vector  of  relative  lateral  displacements  at  the  lumped  masses 
and  x^  and  are  respectively  the  base  relative  lateral  displacement  and 
rocking  angle. 

For  proportional  damping  assumption  in  the  structure,  where  the  so- 
called  Rayleigh  condition: 


Eg  -  Eg  *  «2  c^g 


is  satisfied,  it  follows  that  the  modal  damping  ratios  5^  of  the  i  th  fixed 
base  structural  mode  are  related  to  and  by  the  following  equation 


Where  is  the  natural  circular  frequency  associated  with  the  ith.  fixed- 
base  normal  mode  of  vibration.  In  practice  0^  and  ot^  are  chosen  in  such  a 
way  that  the  damping  ratios  agree  for  the  first  two  modes  of  the  structure. 
It  is  also  a  common  practice  to  assume  only  stiffness  proportional  damping, 
yielding: 

25, 

[Cj  "  a2  ty - -  [*3  (16) 

0) 

Thus  Eqn.7  can  be  written  aa  : 


■  [a,2  Bg  ♦  u+2iv  [Rc]  ♦  vrj  -  “W{^> 
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Foundation  Impedance  Matrix 


Impedance  matrices  for  simplified  cases  can  be  evaluated  through 
analytical  and  numerical  procedures  and  can  be  given  in  closed  form 
expressions.  The  harmonic  forced  vibration  of  a  massless  rigid  cylindirical 
foundation  in  a  homogenous  soil  halfspace  has  been  studied  by  several 
researchers  (Richart  et  al.,  1970).  In  general  the  impedance  matrix  of  such 
a  foundation  is  of  the  following  form: 


K  K  , 

XX  Xlp 


Where  F^,  M^,  x^  and  are  respectively  the  amplitudes  of  harmonic  force 
and  moment  and  the  corresponding  lateral  translation  and  rocking  rotation 
at  the  base  of  the  foundation.  The  complex  stiffnesses  functions:  K^,  K.,  - 
K^,  and  K^.  can  be  given  by  (Kausel  et  al.,  1978): 

Kxx  *  *XX  (kn  +  1  ao  cll)  (1  +  2i8)  (19 

V  -  Kx*  “  *x*  (k12  +  1  ao  C12>  (1  +  2iB)  (2° 

K#  *  ^k22  +  1  ao  C22^  ^  +  2lB^  ^21 


Where  i  *  /-l,  a^  »  u>R/Vg  is  the  normalized  frequency,  R  is  the  radius  of  the 

foundation  and  Vg  is  the  shear  wave  velocity.  K^,  K^,  are  the  static 

(i.e.  a)>*0)  stiffnesses,  k..,  c..  are  the  frequency  dependent  coefficients 

f  J  _  _  _ 

and  &  is  the  hysteretic  damping  ratio  of  the  soil  media.  %xxt  K^,  K^,  k„ 

and  c^j  have  been  provided  by  several  authors  (e.g.  Johnson  et  al,  1975; 
Richard  et  al.  1970;  Veletsos  and  Wei,  1971;  Kausel  et  al.,  1978;  ATC,  1978) 
as  a  function  of  G  (Shear  modulus),  E(depth  of  embedment),  H(depth  to  bedrock), 
Poisson's  ratio),  R  and  oj . 

The  coeffients  k^.  and  c„  are  provided  as  plots  against  aQ  in  Fig. 4 
after  Veletsos  and  Wei  (1971). 

Kausel  et  al.  (1978)  provides  the  following  approximate  expressions 
for  the  static  stiffnesses  : 


if-M 4s 


(1+  — 
2 


— )  (1  +  —)  (1+  — 


K'„*  •  K* R  <y  -f-  -  °-°03> 


(i,  .i 

w  3(l-v)  6 


)  (1  +  2—)  (1  +  0.71 
R 


These  expressions  are  also  included  in  ATC(1978). 

For  foundations  that  are  different  from  a  circle  in  plan,  the  effective 

radius  can  be  defined  for  the  translational  motion  as  /a  /it'  and  for  the 

rocking  motion  as  Al  hi  where  A  is  the  area  of  the  foundation  and  I  is 
°  o  o  o 

the  area  moment  of  inertia  of  the  foundation  about  the  centroidal  rocking 
axis  (ATC,  1978). 

The  first  column  of  the  complex  impedance  matrix  in  Eq.17  defines  the 
set  of  forces  and  moments  which  are  needed  to  displace  the  rigid  foundation 

t 

laterally  by  a  unit  amount  without  rocking,  and  the  second  column  defines 
the  set  of  forces  and  moments  required  to  rock  the  disk  by  a  unit  amount 
without  translation.  The  real  parts  of  these  quantities  represent  force 
quantities  in  phase  with  the  motion,  whereas  the  imaginary  parts  represent 
force  components  which  are  90°  out  of  phase  as  shown  in  the  following 


equation. 


<  )  Re(K  ,) 

xx  x\p 


Re(K.  )  Re(K , ,) 

ij/x  i|n|> 


Im(K  )  Im(K  ,) 

XX  xip 


Im(K .  )  Im(K .  . ) 
ipx'  ip\p 


It  is  convenient  to  think  of  the  forces  represented  by  real  parts  of 
Eqn.25  as  being  due  to  as  set  of  linear  springs,  and  of  the  forces  represented 
by  imaginary  parts  as  being  due  to  a  series  of  dashpots  (Veletsos  and  Wei, 1971). 
In  this  representation  the  spring  elements  account  for  the  combined  effect 
of  restraining  action  of  the  supporting  medium  and  the  inertia  forces,  whereas 
the  dashpots  account  for  the  effect  of  energy  dissipation  by  radiation  as 
given  by  the  following  time-domain  equation. 


k  k 

XX  Xlp 


wl  ill. 
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The  first  matrix  of  Eqn.26  will  be  referred  to  as  the  foundation 
stiffness  matrix  and  the  second  matrix  will  be  referred  to  as  the  foundation 
damping  matrix.  The  stiffness  and  damping  coefficients  respectively  constitute 
the  elements  of  these  matrices.  On  the  basis  of  these  stiffness  and  damping 
coefficients,  the  foundation  of  the  structure  can  be  modeled  by  springs  and 
dashpots  in  coupled  and  in  uncoupled  models  as  indicated  in  Fig. 5.  The 
stiffness  and  damping  matrices  for  the  uncoupled  foundation  models  can  be 
given  as  follows  : 


(27a) 


(27b) 


The  uncoupled  stiffness  coefficients  k^  and  k^  of  the  uncoupled  model 
can  be  determined  on  the  basis  of  the  equilibrium  of  forces  and  moments: 


Fa  -  Fb  and  ^  -  MA  +  Fg.z  (28) 

Yielding  : 


k 

X 

■  K  and 

XX 

k,  •  k ,  i  -  k  z 
<p  ipip  xx 

(29) 

and 

c 

X 

**  c  and 

XX 

2 

c .  ■  c.  ,  -  c  z 

ip  Iplp  XX 

(30) 

where 

z 

■  k  .  /k 

Xip  XX 

(31) 

Practical  findings  indicate  that  z  can  be  taken  to  be  equal  to  E/3, 
where  E  is  the  depth  of  embedment. 


KINEMATIC  INTERACTION 


In  several  applications  of  the  soil-structure  interaction  problem  the 
kinematic  interaction  is  either  neglected  or  treated  on  an  approximate  basis. 

For  example  in  the  lumped  mass  formulation  of  the  soil-structure  interaction 
problem  adopted  in  Masao  et  al.(1980)  the  kinematic  interaction  is  approximated 
by  assigning  the  free-field  values  of  the  displacements  obtained  at  the 
foundation  level  of  the  structure  as  input  motions  to  the  model  as  indicated 
in  Fig. 6.  In  the  lumped  mass  model  used  by  Hall  et  al.  (1975),  shown  in 
Fig. 7  the  kinematic  interaction  is  accounted  through  the  use  of  masses  m^  and 
n^,  representing  the  free  field  soil  inertia  and  the  springs  and  • 

The  motion  of  the  rigid-massless  cylindirical  foundation  in  a  uniform 
soil  media  has  been  investigated  through  theoretical  and  experimental  means. 
Kausel  et  al.  (1978)  has  reported  the  results  of  a  theoretical  investigation 
of  the  problem,  for  a  foundation,  located  in  a  homogenous  layer  overlying 
a  half  space,  for  different  embedment  layer  thickness  values,  assuming 
vertically  propagating  SH-waves.  The  findings  indicate  that  the  translation 
of  the  rigid-massless  foundation  is  similar  to  the  free-field  translation  at 
the  embedment  depth  in  the  low  frequency  regions.  However  it  is  smoother  in 
the  higher  frequency  regions  and  does  not  show  any  pronounced  absence  of  the 
certain  frequency  components-.  The  transfer  function  between  the  translation 
at  the  embedment  depth  of  the  rigid-massless  foundation  and  the  free-field 
ground-translation  (control  motion)  is  approximated  by: 


for  f<0.7f1 
for  f>0.7f1 


(32) 


lateral  motions  at  the  bottom  of  the  rigid-massless  foundation 
free  ground  surface  and  f^  is  the  shear  beam  fundamental  modal 
of  the  soil  column  with  thickness  equal  to  the  embedment  depth 
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shear  wave  propagation  velocity  is  equal  to  V^. 
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Eqn.  10  can  ilso  be  written  as  : 


Figure  7.  Lumped  Parameter 


Model  of  Hall  et  al.,(1975) 
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As  it  has  been  reported  in  Kausel  et  al.(1978)  the  rocking  motion 
experienced  by  the  massless-rigid  cylindrical  foundation  is  found  to  be 
related  to  the  difference  of  the  free-field  displacements  between  the  two 
locations  of  the  soil  corresponding  to  the  top  and  bottom  levels  of  the 
foundation  divided  by  the  embedment  depth.  The  transfer  function  between  the 
Fourier  Transform  of  the  rocking  motion  of  the  rigid-massless  foundation 
R)  and  the  Fourier  transform  of  the  free-field  lateral  ground  motion 
(control  motion)  (x°)  is  approximated  by  : 


u?ir  f°-2”  «-“■  ~t  4-  > 

or  expressed  differently,  by  : 


for  f  <  f 
for  f  >  f  L 


^0.257  (1-cos  -—-) 
8  . 

0.257 
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(36) 


It  has  been  noted  that  the  rotational  component  may  significantly 
decrease  in  foundations  with  flexible  walls. 

Ishii  et  al.(1984)  has  proposed  the  following  empirical  expression 
for  the  transfer  function  given  in  Eqn.32  and  34. 


f  sin  (-^r-  )  for  f  <  0.71  f 


for  f  >  0.71  f 


(37) 


f. _ hm_ 

2.19(-^-)  +0.117 

s 

Eqns.32,  36  and  37  behave  essentially  as  low-pass  filters. 


STRUCTURAL  CONSIDERATIONS 

The  overturning  moment  and  the  base  shear  created  by  the  inetrial  forces 
of  the  structure  are  the  main  contributors  to  the  soil-structure  interaction 
phenomena.  Both  the  base  overturning  moment  and  the  shear  are  controlled  by 

v 

the  first  mode  vibration  behavior  of  the  structure  and  the  contribution  of 
the  higher  modes'  can  be  assumed  to  be .negligible  for  most  engineering 
structures.  Within  the  range  of  parameters  that  are  of  interest  for  the 
earthquake  resistant  design  of  structures  the  soil-structure  interaction 
affects  substantially  only  the  response  components  associated  with  the 
fundamental  mode  of  the  structure.  Accordingly  the  use  of  only  the  first  fixed 
base  mode  shape  of  the  structure  is  common  in  engineering  practice  for  the 
assessment  of  the  soil  structure  effects  (ATC,1978).  Hie  higher  modes  of  the 
structure  are  not  essentially  effected  by  the  soil-structure  interaction 
since  the  base  overturning  moment  and  the  shear  in  these  modes  are  comparatively 
quite  low. 

The  representation  of  the  structural  matrices  by  the  generalized 
fundamental  mode  characteristics  can  be  found  in  structural  dynamics  books 
(e.g.  Clough  and  Penzien,  1975).  With  such  a  representation  the  jM^ ,  [k J 
and  matrices  of  Eqn.10,  11,  12  and  16  can  be  given  as  follows: 


In  these  matrices  E  is  the  depth  of  embedment  of  the  base  and  the 
first  mode  effective  mass,  a,  height,  h,  and  stiffness,  k,  can  be  given  in 
terms  of  the  fixed  base  fundamental  mode  shape  and  frequency  by  the 
following  equations  : 


<4X>T  [ms]{i»2 

Uj)1  [V]^} 


(41) 


(h}T  [Mj 
t^}1  [m]  {i} 


(42) 


k  *  m  (43) 

For  uniform  building  type  structures  a  can  be  taken  equal  to  the  701  of  the 
total  mass  of  the  super-structure  and  h  can  be  taken  equal  to  the  70Z  of 
the  height  of  the  super-structure  (ATC,  1978) . 

The  displacement  vector  of  Kqn.7  will  have  the  following  shape  : 


Where  u^  is  the  relative  generalized  first  mode  displacement  of  the  super¬ 
structure  with  respects  to  the  base,  is  the  relative  lateral  displacement 
of  the  base  with  respect  to  the  free-field  base  displacement,  x£,  and  ^  is 
the  relative  base  rocking  angle  (rotation)  of  the  base  with  respect  to  the 
free  field  base  rocking  angle  (rotation)., 

Soil-structure  interaction  models  of  this  type  aTe  called  three-degree 
of-freedom  models  (two  D.O.F.  at  the  base,  one  at  the  super  structure).  Such 
a  model  is  indicated  in  Fig. 8. 

Through  re-arranging  and  normalising  the  frequency  domain  equation 
of  motion  for  such  a  3.  D.O.F.  system  can  be  given  as  follows  : 


NON-DIMENSIONAL  PARAMETERS 


The  non-dimensional  parameters  for  the  solution  of  the  set  of  equations 
given  by  Eqn.45  can  be  determined  to  be  as  follows  for  an  embedded  structure' 
on  a  homogenous  half  space.  (Bagaran,  1985): 

Transfer  Function  :  TF  ■  |xg|/|Xg| 

Where  Xg  and  x^  are  respectively  the  Fourier  Transforms 
of  absolute  lateral  displacements  at  the  ground  level 
of  the  structure  (Point  B  of  Fig. 8)  and  at  the  free 
field  ground  level. 

Non-dimensional  Frequency  :  Aq  *  —— R- 

s 

Where  Vg  is  the  shear  wave  propagation  velocity  of 
the  homogenous  half-space. 

0!^  R 

Non-dimensional  First  Mode  Frequency  :  A^  — ^ - 

s 

Where  ui^  is  the  first  mode  vibration  frequency  of 
the  fixed  base  super  structure. 

Mass  Ratio  :  Mj  - 

Non-dimensional  Height  :  N,  ”  h  /R 

J  c 

Non-dimensional  Embedment:  N,.  **  E/R 
Structure  Damping  Factor  : 

Poisson's  Ratio  of  the  Half-Space  :  v 

Relative  Density  Ratio  :  Nj  “  a/p 

where  u  is  the  gross  density  of  the  structure  (i.e.mass 
divided  by  gross  volume)  and  p  is  the  -density  of  the  half¬ 
space.  N2  is  defined  in  a  similar  way  in  ATC-3-06  (1978). 
an  average  value  of  N2"0.15  is  suggested  for  practical 
applications. 

Figures  9,  10  and  11  depict  the  behaviour  of  the  transfer  function 
TF  -  Xg  /  for  different  values  of  these  non-dimensional  parameters 
as  indicated  on  each  figure.  As  it  can  be  assessed  the  motion  at  the  ground 
level  of  the  structure  can  be  up  to  80%  above  or  below  of  that  of  the  motion 
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recorded  in  the  free  field  ground,  level  depending  on  the  frequency  range. 
For  typical  accelerograph  stations  utilized  in  the  United  States  as 
indicated  in  Figure  12  (Crouse,  1983)  one  can  determine  the  dimensionless 
parameters  to  be  :  =  2-4,  =  1-2,  Nj  ”  0.15,  =  1.25,  **  0.3  and 

v-0.45.  The  transfer  function  between  the  motions  at  the  accelerograph 
location  and  the  free  field  are  indicated  in  Figure  13  on  the  basis  of 
these  non-dimensional  parameters.  As  it  can  be  seen  the  recorded  motion 
may  be  about  50Z  above  or  under  the  free  field  motion  depending  on  the 
frequency  range.  Similar  findings  have  been  reported  by  Crouse  (1983) 
and  Crouse  et.al.(1984) . 


Figure  12.  Typical  Accelerograph  Station  (After  Crouse,  1983) 
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SUMMARY 

At  the  time  of  an  earthquake,  the  building  and  ground  vibrate 
while  they  are  influencing  each  other.  This  effect  is  called  dynamic 
soil  structure  interaction,  and  recognized  that  is  very  important  for 
the  seismic  design  of  particular  structure  such  as  nuclear  power 
plant.  Recently,  as  a  lot  of  sophisticated  methods  and  theorem  for 
this  problem  has  been  proposed,  and  also  computer  hardware  is 
advancing,  this  effect  becomes  to  be  comprehended  with  enough 
accuracy.  However,  it  might  also  be  important  matter  to  verify  always 
those  methods  by  adequate  experimental  study. 

This  paper  describes  basic  overview  of  dynamic  soil  structure 
Interaction  and  its  verification  studies  among  recent  works  •  And 
moreover,  one  of  further  advanced  study  and  the  other  problems  for 
dynamic  soil  structure  interaction  are  introduced. 


1.  Basic  Overview  of  Soil  Structure  Interaction 
1.1  What  is  Dynamic  Soil  Structure  Interaction 

The  foundation  of  a  building  normally  supports  the  dead  weight 
and  the  live  load  of  the  building,  and  it  has  the  role  of  transmitting 
these  loads  to  the  ground.  However,  at  the  time  of  an  earthquake,  it 
transmits  the  ground  motion  to  the  building,  and  at  the  same  time  it 
has  the  role  of  resisting  the  building  vibrations  and  transmitting 
them  to  the  ground.  In  other  words,  the  ground  and  the  building 
Influence  each  other  via  the  foundation,  and  this  is  called  the  Soil 
Structure  Interaction  (hereafter  abbreviated  SSI),  and  especially  the 
interaction  at  the  time  of  an  earthquake  is  called  the  dynamic  SSI. 

The  degree  of  Influence  oj  the  dynamic  SSI  onto  the  building  is 
decided  by  the  stiffness  of  the  ground,  the  rigidity  and  the  natural 
frequency  of  the  building,  and  the  foundation  type.  Fig. 1-1  shows  the 
building  foundation  types.  In  the  case  of  the  raft  foundation  of  (a), 
the  dynamic  SSI  takes  place  via  the  bottom  surface  of  the  foundation, 
and  in  the  case  of  the  pile  foundation  of  (b),  it  also  takes  place  via 
the  piles.  When  the  basement  exists,  the  foundation  is  embedded 
deeply.  As  in  the  case  of  (c),  the  dynamic  interaction  takes  place  not 
only  via  the  bottom  surface,  but  also  via  the  side  walls  surfaces,  and 
when  this  further  is  supported  by  piles,  as  in  case  (d),  dynamic  SSI 
also  takes  place  via  the  piles.  As  the  amount  of  contact  area  between 
the  ground  and  the  foundation  increases  sequentially  in  the  order  from 
(a) 'to  (d),  the  influence  of  the  dynamic  SSI  becomes  stronger  and  more 
complicated. 

Let  us  now  take  a  look  at  the  influences  between  building  and 
ground  at  the  time  of  an  earthquake.  In  order  to  show  this,  the  wave 
propagation  during  an  earthquake  as  shown  in  Fig. 1-2  shall  be 
considered  for  the  raft  foundation  of  (a).  When  the  seismic  waves  EO 
generated  by  the  earthquake  reach  the  bottom  surface  of  the  foundation 
of  the  building,  they  are  divided  into  the  waves  entering  into  the 
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building  and  being  propagated  upward a  in  the  building  and  the  waves 
being  reflected  beck  into  the  ground.  The  former  ones  are  called  the 
transmission  waves,  while  the  latter  ones  are  called  the  reflection 
waves..  The  transmlsfion  waves  entering  into  the  building  travel 
towards  the  top  of  the  building  while  subjecting  the  building  to 
vibrate,  and  then  they  are.  reflected  at  the  top  and  travel  back  down 
to  the  foundation.  Here,  something  occurs  which  is  very  iaportant  for 
consideration  of  the  dynamic  SSI.  Wien  the  waves  reflected  at  the  top 
of  the  building  and  travelling  downwards  (T1  in  the  figure)  reach  the 
foundation,  a  part  of  them  is  transmitted  into  the  ground,  while  the 
rest  is  reflected  again  and  once  more  starts  to  move  upwards  through 
the  building.  The  former  waves,  escaping  into  the  ground,  are  called 
radiation  waves.  When  the  amount  of  these  radiation  waves  is  small, 
the  earthquake  waves  once  transmitted  into  the  building  continue  to 
remain  in  the  building,  the  building  vibration  continue  for  a  long 
time,  and  the  apparent  vibration  condition  becomes  the  same  as  with 
the  small  damping  of  buildings.  The  damping  caused  by  escape  of  the 
earthquake  waves,  which  have  been  transmitted  into  the  building,  back 
into  the  ground  is  called  radiation  damping. 

1.2  In  Regard  to  Radiation 

The  seismic  waves  escaping  back  into  the  ground  after  once  having 
entered  into  a  building  are  called  radiation  waves,  and  it  has  been 
shown  that  these  waves  cause  radiation  damping.  Let  us  now  take  a  look 
at  what  kind  of  waves  these  radiation  waves  are.  When  the  building 
foundation  is  forced  to  vibrate  vertically,  a  stress  called  contact 
earth  pressure  is  caused  at  the  boundary  between  the  bottom  surface  of 
the  foundation  and  the  ground.  The  distribution  of  this  contact  earth 
pressure  over  the  bottom  surface  of  the  foundation  is  called  the 
contact  earth  pressure  distribution,  and  depending  on  foundation 
rigidity,  soil  type,  and  soil  nonlinearity,  the  three  distributions 
shown  in  Fig.  1-3  -  rigid,  uniform,  and  parabolic  distribution  - 
generally  can  be  considered.  When  a  part  of  the  contact  earth  pressure 
is  picked  out  and  acted  onto  the  ground,  the  vertical  displacement  of 
the  ground  surface  is  shown  in  Fig. 1-4.  The  first  displacement  peak  is 
reached  at  the  point  F  at  a  distance  of  10m  from  the  force  application 
point,  and  the  next  peaks  occur  at  the  points  S  and  R.  With  Increasing 
distance  from  the  point  of  force  application,  these  peaks  appear  at  an 
increasingly  later  time,  and  it  can  be  seen  that  these  peaks  are 
propagated  at  a  certain  velocity. 

When  the  occurrence  times  of  these  peaks  are  connected  by 
straight  lines  and  the  propagation  velocity  is  obtained  from  the 
inclination  of  these  lines,  it  can  be  found  that  the  propagation 
velocity  for  the  peak  P  is  2450m/sec,  that  for  the  peak  S  is 
lOOOm/sec,  and  that  for  the  peak  R  is  920m/sec.  It  was  known  that  the 
seismic  waves  include  F  waves,  S  waves,  and  Rayleigh  waves  called 
surface  waves,  and  in  the  same  way,  these  peaks  correspond  to  the  F 
waves,  the  S  waves,  and  the  Rayleigh  waves.  A  look  at  the  amplitude 
shows  that  the  Rayleigh  waves  have  a  large  amplitude,  so  that  it  can 
be  seen  that  a  large  part  of  the  applied  force  is  transmitted  by  the 
Rayleigh  waves.  In  the  case  of  a  homogeneous  ground,  the  relation  of 
these  waves'  propagation  velocity  is  decided  readily  only  by  the 
Poisson's  ratio  of  the  ground  as  shown  in  Fig. 1-5.  The  Poisson's  ratio 
of  the  ground  is  normally  in  the  range  from  0.4  to  0.5,  and  in  this 
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case,  Che  propagation  velocity  of  the  Rayleigh  waves  is  about  10Z 
lover  than  that  of  the  S  waves. 

Fig.  1-4  shovs  the  vibrations  of  the  ground  surface  with  force 
application  at  only  one  point  of  the  ground  surface,  but  when  the 
contact  earth  pressure  is  distributed  over  the  bottom  surface  of  the 
foundation  as  shown  in  Fig. 3,  waves  as  shown  in  Fig. 1-4  are 
transmitted  into  the  ground  from  the  various  contact  earth  pressure 
parts,  and  the  composite  form  of  these  waves  becomes  the  radiation 
wave.  The  vibration  energy  to  the  ground  by  P  waves,  S  waves  ,  and 
Rayleigh  waves,  and  in  the  case  of  a  homogeneous  ground,  the  energy 
distribution  ratio  for  these  waves  is  7Z,  26Z,  and  67Z  respectively 
for  P,  S,  and  Rayleigh  waves,  so  that  the  calculation  shows  that  more 
than  one  half  of  the  energy  is  radiated  by  the  Rayleigh  waves.  The 
above  explanations  in  regard  to  the  radiation  waves  apply  for  a 
homogeneous  ground  *  and  when  the  ground  is  layered,  the  waves 
transmitted  from  the  building  will  be  reflected  at  the  layer 
boundaries  and  will  return  to  the  building,  so  that  the  entire  matter 
becomes  still  more  complicated. 

1.3  Vibration  of  the  Foundation  on  the  Ground  Surface 

Next,  the  foundation  vibration  shall  be  considered  for  the  case 
that  vibration  force  is  applied  at  the  top  of  the  foundation  on  the 
ground  surface.  Fig. 1-6  shows  a  square  foundation  with  a  width  of  20m 
and  a  height  of  10m  on  the  honogeneous  ground  for  an  S  wave  velocity 
Vsg  of  250m/sec,  a  Poisson's  ratio  V  of  0.4,  and  a  unit  volumetric 
weight  Y  ’of  1.8t/m3.  For  simplification,  it  shall  be  assumed  that  the 
foundation  is  not  deformed  locally  and  that  there  are  no  shape  changes 
during  the  vibration  (this  is  called  a  rigid  body).  When  the 
sinusoidal  excitation  in  horizontal  direction,  the  horizontal 
displacement  0  and  the  rotation  0  can  be  found  at  the  foundation 
bottom.  Contact  earth  pressure  resisting  this  displacement  U  and 
rotation  <j>  of  the  bottom  surface  is  generated  at  the  boundary  between 
the  bottom  surface  of  the  foundation  and  the  ground  surface,  and  the 
above  mentioned  radiation  waves  are  transmitted  to  the  ground  by  this 
contact  earth  pressures.  When  the  ground  resisting  the  displacement  0 
and  the  rotation  ♦  are  represented  as  spring  and  dashpot.  Fig. 1-7  is 
obtained.  KH  is  the  spring  value  of  the  ground  resistance  in  regard  to 
the  horizontal  displacement  U,  and  CH  is  the  dashpot  of  coefficient 
absorbing  energy  proportional  to  the  velocity  of  the  displacement  0  as 
the  energy  dissipated  into  the  ground  by  the  radiation  waves.  KR  and 
CR  are  the  same  values  as  mentioned  above  in  regard  to  the  rotation  $. 
Fig.  1-8  and  Fig. 1-9  show  the  calculation  results  for  KH,  CH,  KR,  and 
CR  under  the  condition  that  the  ground  and  the  bottom  surface  of  the 
foundation  are  in  contact  with  each  other.  The  horizontal  spring  value 
KH  and  the  dashpot  coefficient  (damping  factor)  CH  are  in  about 
constant  in  regard  to  the  vibration  frequency,  but  KR  and  CR  related 
to  the  rotation  change.  Especially  the  damping  coefficient  CR  in 
regard  to  the  rotation  shows  the  characteristic  of  increasing  with  the 
frequency.  Fig.  1-10  shows  the  horizontal  displacement  Uf  of  the 
foundation  top  of  the  rigid  foundation  shown  in  Fig. 1-6,  normalized  by 
the  exciting  force  P,  and  this  type  of  curve  is  called  a  resonance 
curve.  Y  in  the  figure  Indicates  the  unit  volumetric  weight  of  the 
foundation,  and  when  Y  becomes  smaller,  l.e.  when  the  foundation 
becomes  lighter,  the  peak  frequencies  (resonance  frequencies)  of  the 
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resonance  curve  bacoae  higher,  end  it  can  be  seen  that  the  vibration 
amplitude  Of  becoaes  snaller.  ' 

1.4  In  Regard  to  the  Effect  of  Embedding 

Let  us  nov  consider  the  dynamic  SSI  when  the  foundation  is 
embedded  because  of  a  basement  etc.  Fig. 1-11  shove  the  resonance  curve 
for  the  displacement  of  the  center  of  gravity  of  the  test  object 
before  and  after  the  space  Ground  the  test  object  is  refilled  with 
sand  as  shovn  in  Fig.  1-11  in  order  to  investigate  the  effect  of 
embedding;  It  can  be  seen  that  the  resonance  frequency  is  increased  by 
embedding,  and  the  resonance  curve  near  the  peak  is  not  sharp,  but 
rather  rounded.  The  damping  factor  h  is  used  in  vibration  mechanics  to 
express  the  degree  of  sharpness  of  this  resonance  curve,  and  this  h  is 
increased  from  5.7Z  to  6.3Z  by  embedding . 

Let  us  nov  consider  the  meaning  of  this.  Before  embedding,  the 
radiation  vaves  were  transmitted  from  the  bottom  surface  of  the  test 
object,  but  after  refilling,  they  also  are  put  out  from  the  side  vails 
of  the  test  object,  so  that  the  entire  damping  is  Increased,  and  the 
resonance  frequency  increases  because  the  sides  restraint  by  the 
ground  Increased. 

1.5  Coupled  System  of  Building  and  Ground 

When  the  forces  are  applied  to  the  building  by  an  earthquake  or 
by  means  of  a  excitor  etc.,  the  building  vibrates  while  the  building 
and  the  ground  are  influencing  each  other.  This  system  is  called  the 
coupled  system  of  building  and  ground.  Naturally,  this  coupled  system 
is  connected  by  the  dynamic  SSI  treated  above.  Let  us  nov  Investigate 
the  Influence  of  the  dynamic  SSI  onto  the  coupled  system. 

Fig.l-12(a)  shows  an  example  for  a  building  with  a  basement.  This 
building  is  represented  in  simplified  from  by  the  spring  K  connecting 
the  mass  point  and  the  basement  and  the  dashpot  C,  as  shovn  in  (b). 
When  the  basement  is  fixed,  the  natural  frequency  of  the  building  is 
2Hz  and  the  damping  factor  h  is  5Z.  The  basement  shall  be  a  rigid  body 
with  a  unit  volumetric  mass  of  0.5t/ms,  and  the  ground  shall  be 
homogeneous. 

Fig. 1-13  shovs  the  result  of  the  calculation  for  the  resonance 
curve  of  the  horizontal  'displacement  of  the  building  top  with 
horizontal  excitation  of  the  top  of  the  building,  when  the  basement 
embedding  depth  is  changed.  As  already  stated  above,  the  natural 
frequency  of  the  building  itself  with  fixed  basement  is  2Hz,  but  the 
resonance  frequency  shovn  in  this  figure  is  considerably  lover  than 
2Hz.  This  resonance  frequency  is  called  the  resonance  frequency  of  the 
coupled  system  of  building  and  ground  in  earthquake  engineering,  and 
in  comparison  vith  the  natural  frequency  of  the  building  when  the 
foundation  is  fixed,  l.e.  when  it  does  not  move,  this  frequency  is 
always  lover.  With  increasing  embedding  of  the  basement,  the  resonance 
frequency  of  the  coupled  system  increase  and  the  amplitude  shows  a 
decreasing  tendency.  This  is  caused  by  the  increased  restraint  effect 
and  radiation  damping  because  of  embedding  as  already  stated  above. 

Next,  the  vibration  of  the  coupled  system  at  the  time  of  an 
earthquake  shall  be  considered.  Fig.  1-14  shovs  the  behavior  of  a 
building  with  a  basement  during  an  earthquake.  For  simplification,  the 
earthquake  waves  are  assumed  as  sinusoidal  waves  with  the  frequency 


£  Hz  and  with  displacement  only  in  horizontal  direction,  and  they 
shall  be  brought  In  from  below  at  a  right  angle  to  the  ground  surface. 
As  shown  In  the  same  figure,  the  amplitude  of  the  seismic  waves 
amplifies  when  the  seismic  waves  approach  the  ground  surface.  The 
earthquake  input  Into  the  building  via  the  basement  takes  place  not 
only  via  the  bottom  surface,  but  also  via  the  side  walls.  While  the 
Input  from  the  bottom  surface  becomes  smaller  as  the  ground  vibration 
amplitude  decreases  with  increasing  depth  of  the  basement,  the  input 
from  the  walls  increases  with  the  increasing  wall  surface  in  contact 
with  the  ground.  When  the  basement  has  a  high  rigidity  in  comparison 
to  the  ground,  this  input  from  the  walls  becomes  an  input  averaging 
the  deformation  of  the  ground.  Next,  the  earthquake  input  which  has 
entered  into  the  building  vibrates  the  building,  and  the  vibration 
energy  escapes  from  the  basement  bottom  surface  and  the  side  walls  as 
radiation  waves. 

An  earthquake  response  analysis  is  carried  out  using  substructure 
method  shown  in  Fig. 1-15.  Fig. 1-16  shows  the  analysis  results  for 
vibration  of  the  coupled  system  of  building  and  ground  during  an 
earthquake  with  the  same  conditions  as  for  Fig. 1-13.  The  vertical  axis 
shows  the  vibration  amplitude  ratio  between  the  building  top  and  the 
ground  surface,  while  the  horizontal  axis  shows  the  frequency  of  the 
seismic  waves.  The  vibration  amplitude  of  the  building  decreases  wit*1 
increasing  embedding  depth  of  the  basement,  and  as  shown  by  the 
calculation  examples,  it  can  be  seen  that  the  vibrations  at  the  time 
of  an  earthquake  decrease  with  increasing  basement  depth. 


2. Verification  Studies  on  Dynamic  Soil-Structure  Interaction 

The  basic  overview  of  SSI  is  discussed  in  previous  section.  It 
might  be  understood  that  the  study  on  SSI  problem  is  well-developed 
theoretically.  Now,  let  us  take  a  look  at  some  examples  for  the 
dynamic  SSI  effect  in  order  to  get  more  precise  comprehension,  there 
are  many  helpful  investigations  by  the  experimental  approach  to 
verify  those  theorem. 

In  this  section,  two  examples  among  recent  experimental  studies 
are  shown. 

Example  1 

Among  the  models  of  response  analysis  for  embedded  structures, 
two  mathematical  models  have  been  adopted  in  Japan.  Namely,  one  is  the 
lattice  model,  and  the  other  one  is  the  sway-rocking  model. 
Considering  computational  costs  and  applicability,  the  latter  might  be 
more  practical  and  useful.  Of  course,  this  sway-rocking  model  requires 
a  careful  approximation  of  the  spring  values. 

This  example  proposes  a  proper  evaluation  method  for  the  soil 
springs  of  an  embedded  structure  which  are  valid  for  the  earthquake 
response  analyses . 

2.1  Outline  of  Tests 

The  tests  results,  which  are  used  in  this  study,  were  obtained  on 
two  reactor  buildings  are  shown  in  Fig. 2-1.  Plant  A  has  a  deep 
embedment  of  45  meters,  while  Plant  B  has  a  relatively  shallow 


embedment.  In  particular,  the  embedment  expands  into  the  underlying 
firm  rock  for  Plant  A.  The  forced  vibration  tests  of  both  plants  were 
carried  out  by  sinusoidal  excitation.  These  forces  were  generated  by 
an  excitor  which  was  installed  on  the  refuelling  floor.  Only  the 
results  obtained  by  a  horizontal  excitation  parallel  to  the  adjacent 
turbine  building  are  investigated. 

2.2  Evaluation  Methods  for  Soil  Springs  and  Structure 

Many  evaluation  methods  for  soil  springs  have  been  proposed  so 
far.  Among  them,  the  following  four  methods  are  chosen  to  be 
examined. 

Method  A;  In  this  method,  the  side  soil  springs  Ku,  K@  and  the 
base  soil  springs  KH  and  KB.  can  be  Independently 
evaluated.  The  side  springs  are  calculated  from  Novak's 
theory,  while  the  base  springs  from  Koborl's  theory. 

Method  B;  This  method  is  applied  to  Plant  A  only.  As  this  plant  is 
also  embedded  into  the  underlying  firm  rock,  the  soil 
springs  due  to  this  portion  are  calculated  by  the 
Boundary  Element  Method.  The  other  springs  are  derived 
from  Method  A. 

Method  C;  This,  method  is  the  Thin-Layered  Method  which  has  been 
developed  by  Tajimi.  ♦ 

Method  D;  In  this  mettu  d,  the  Axisymmetric  Finite  Element  Method 
is  applied.  1  iscous  damping  accounts  for  the  infinite 
energy  transmission  at  the  boundaries. 

The  structure  is  modelled  corresponding  the  evaluation  methods 
for  soil  springs  mentioned  ahove.  All  the  underground  structures  are 
modelled  into  a  lumped  mass  system  in  method  A.  Only  the  basement  of 
rock  portion  is  assumed  as  rigid  in  method  B  but  the  other  portion  is 
treated  as  same  as  the  method  A.  All  of  the  underground  structure  are 
assumed  as  rigid  in  method  C  and  D.  Fig. 2-2  shows  these  resulting 
models. 

2.3  Resonance  Curve 

Pig .2-3  and  Fig. 2-4  show  the  resonance  curves  of  Plants  A  and  B 
on  two  levels  of  the  structure. 

Fig. 2-3  represents  the,  results  of  Plant  A,  it  found  that  the 
resonance  curve  has  no  peaks  and  this  feature  is  expressed  well  by  all 
methods.  However,  there  is  the  difference  in  amplitude  among  all  the 
methods  in  the  upper  level. 

Fig. 2-4  which  represents  the  results  of  Plant  B,  shows  that  the 
analytical  results  have  good  agreement  with  the  test  ones  on  the  upper 
level,  while  the  amplitude  is  overestimated  on  the  base  level. 
Moreover,  the  resonance  frequency  is  somewhat  underestimated  by  method 
A,  and  method  D  displays  wavy  results  due  to  the  fact  that  the  wave 
radiation  damping  is  not  exactly  evaluated  at  the  mesh  boundaries  of 
this  axisymmetric  finite  element  method. 

2.4  Conclusion 

As  it  is  mentioned  above,  we  could  get  almost  the  same  results 
by  using  any  of  the  four  methods  and  good  agreement  with  the  test 
results.  However,  a  portion  of  the  underground  structures  in  method  B, 


and  all  of  them  in  methods  C  and  D  must  be  as  assumed  rigid  because  it  , 
Is  difficult  to  divide  the  soil  springs  as  treated  in  method  A. 
Furthermore,  method  A  requires  far  less  computational  time. 

Therefore,  ve  think  method  A  in  which  the  side  soil  springs  Ku 
and  K$,  and  the  base  soil  springs  KH  and  KR  are  evaluated 
Independently  in  Fig. 2-2  is  the  most  convenient  method  for  practical 
seismic  design  analyses. 

Example  2 

It  is  well  known  that  the  vibration  characteristics  of  a 
structure  adjacent  to  the  other  structures  are  different  from  those  of 
an.  isolated  structure.  These  differences  are  caused  by  dynamic 
interaction  between  the  adjoining  structures  through  the  soil.  This 
kind  of  interaction  has  been  termed  the  Dynamic  Cross  Interaction 
(DCI). 

This  example  describes  the  simulation  analysis  of  the  forced 
vibration  tests  .on  an  actual  nuclear  reactor  building  apd  on  its 
adjacent  turbine  building  by  the  method  in  which  the  DCI  effect  is 
taken  into  account. 

2.5  Outline  of  Forced  Vibration  Tests 

Fig,. 2-5  shows  the  cross  section  and  site  layout  of  the  objective 
nuclear  reactor  building  and  turbine  building. 

The  reactor  building  (hereafter  called  R/B)  is  a  large  reinforced 
concrete  structure,  which  has  overall  plan  dimensions  of  about  80m 
square  at  the  lower  level,  an  underground  depth  of  18.5m,  an  above 
ground  height  of  58.0m  and  a  total  weight  of  about  300,000  tons.  The 
turbine  building  (hereafter  called  T/B)  is  also  a  reinforced  concrete 
structure  which  has  overall  plan  dimensions  of  66m  x  110m  and  is  set 
on  almost  the  same  ground  level  as  the  R/B.  Total  weight  of  the  T/B  is 
about  280,000  tons.  There  is  an  interval  of  10cm  between  the  two 
buildings. 

2.6  Development  of  Analytical  Method 

The  buildings  are  modelled  by  a  detailed  multi-stick  lumped  mass 
system  taking  into  account  not  only  the  fundamental  resonance  mode  but 
also  the  local  vibration  mode  in  the  upper  portion  of  the  buildings. 

The  DCI  soil  springs  are  estimated  as  the  coupling  impedance 
matrices  under  the  assumptions  as  follows; 

1)  The  Impedance  matrix  of  the  supporting  soil,  and  that  of  the 
surface  layered  soil  and  back  filling  soil  are  evaluated 
Independently. 

2)  Three-dimentional  BEM  with  Green's  functions  derived  from 
surface  point  exciting  solutions,  is  used  to  model  the 
supporting  soil  which  is  assumed  to  be  a  uniform  half  space.  The 
coupling  impedance  matrix  between  the  R/B  and  the  T/B  (8x8 
matrix  for  horizontal,  vertical,  rotational,  and  torsional 
directions)  is  conducted  under  the  assumption  that  each  basement 
slab  is  rigid  (as  shown  in  Fig.  2-6  (a)). 

3)  Two-dimentional  plane  strain  BEM  is  applied  to  the  surface 
layered  soil  and  the  backfilling  soil.  The  coupling  impedance 
matrix  between  the  R/B  and  the  T/B  (4x4  matrix  for  horizontal 


and  torsional  directions)  is  evaluated  similarly  under  the 
assumption  that  each  building  is  rigid  at  each  embedded  level 
(as  shown  in  Fig. 2-6  (b)). 

The  total  model  is  a  multi-stick  lumped  mass  system  of  buildings 
combined  with  the  two  kinds  of  the  DCI  springs  (as  shown  in  Fig. 2-6 
(c)). 


2.7  Test  Results 

Only  the  forced  vibration  tests  and  simulation  analyses  in  the 
E-W  direction  as  shown  in  Fig. 2-5  are  dealt,  because  the  effects  of 
OCX  can  be  considered  to  be  larger  than  another  one.  Fig. 2-7  shown  the 
resonance  and  phase  lag  curves  of  representative  measuring  points. 

Major  findings  obtained  from  the  test  results  are  as  follows; 

1)  Fundamental  resonance  frequency  of  the  R/B  is  2.5Hz,  and 
damping  factor  evaluated  by  the  half  power  method  is  about  302. 

2)  Horizontal  vibration  energy  transmitted  from  the  R/B  to  the  T/B 
predominates  at  the  natural  frequency  of  the  T/B  (about  3.0Hz). 

3)  The  phase  lag  of  the  R/B  increases  as  the  measuring  point 
approaches  the  basement  slab,  and  furthermore,  the  higher  the 
measuring  point  on  the  T/B  is,  the  larger  its  phase  lag  becomes. 
This  shows  that  the  energy  transmission  from  the  R/B  to  the  T/B 
is  mainly  through  the  supporting  soil. 

4)  The  local  vibration  mode  in  the  upper  portion  of  the  R/B 
predominates  at  about  7.0Hz  and  10.0Hz,  while  that  of  the  T/B  is 
at  5.0Hz.  They  cause  the  energy  absorption  effects  which 
decrease  the  response  amplitude  at  the  other  levels. 

2.8  Analytical  Results 

The  results  of  simulation  analyses,  i.e.  the  resonance  curves  and 
phase  lag  curves  at  the  refueling  floor  (GL  38.5m)  and  the  2nd  floor 
(GL  6.0m)  on  the  R/B  are  shown  in  Fig. 2-8.  Similarly,  Fig. 2-9  shows 
those  of  the  representative  measuring  points  on  the  T/B. 

The  analytical  values  generally  correspond  closely  with  the 
experimental  values  in  amplitude  and  phase  lag.  In  particular,  the 
local  vibration  mode  at  about  5.0Hz  on  the  roof  on  the  T/B  is  well 
accounted  for.  It  should  be  noted  that  the  difference  between  the 
case  1  (coupled)  and  case  2  (Isolated)  is  very  small. 

2.9  Conclusion 

The  simulation  analyses  of  forced  vibration  tests  on  the  R/B  are 
executed  with  a  model  taking  into  account  the  DCI  between  the  R/B  and 
the  adjacent  T/B,  and  the  embedment  of  buildings. 

These  results  lead  to  the  concluding  remarks  as  follows; 

1)  The  results  of  the  simulation  analyses  are  in  excellent 
agreement  with  the  test  results  not  only  on  the  R/B  but  also  on 
the  T/B. 

2)  It  may  be  concluded  that  the  proposed  analytical  methods  using 
BEM  are  efficient  to  evaluate  the  dynamic  coupling  vibration 
problem  through  soil  between  embedded  structures. 

3)  For  forced  vibration  tests  on  the  R/B,  the  influence  of  the 
adjacent  T/B  on  the  response  of  R/B  is  relatively  small  and  it 
is  possible  to  ignore  the  existence  of  the  T/B  in  the  case 
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simulation  analyses  of  the  R/B. 


3.  Further  Advanced  Study 

Two  examples  of  verification  study  are  introduced  above.  They 
might  help  you  to  comprehend  vhat  the  dynamic  SSI  is,  and  to  realized 
the  theorem  are  verified  very  well.  These  method  is  precise  enough  for 
practical  problems,  but  the  more  detailed  analysis  is  sometimes 
required.  One  of  the  advanced  methods  which  is  valid  for  such  request 
is  shown  in  this  section. 

The  soil-structure  interaction  plays  an  important  role  in  the 
earthquake  response  of  massive  and  large  structures  such  as  nuclear 
reactor  buildings  and  many  studies  pertaining  to  this  subject  have 
been  reported  in  the  past.  However,  especially  in  cases  of  embedded 
structure  in  spite  of  a  need  of  the  precise  analysis  up  to  high 
frequency  range,  the  past  analytical  methods  ate  still  insufficient  to 
investigate  the  3-dimensional  dynamic  response  characteristics  taking 
into  account  the  complicated  conf  IguraMon  of  the  structure, 
backfilling  soil  and  the  semi-infinity  of  the  3-D  soil  medium. 

Therefore,  the  analytical  method  have  been  developed  using  a 
3-dimensional  hybrid  model  taking  into  ..account  the  advantage  of  BEM 
and  FEM  in  order  to  evaluate  the  effect  of  dynamic  SSI  of  the  case  of 
an  actual  embedded  reactor  building  and  have  investigated  its  dynamic 
response  characteristics  up  to  high  frequency  range. 

This  section  describes  the  dynamic  response  analysis  of  a  typical 
BWR  reactor  building  as  a  comparative  study  between  two  different 
embedment  depths  in  elastic  half  space. 

3.1  Outline  of  Analytical  Method 

The  earthquake  response  analysis  is  based  on  substructure  method 
where  the  soil-structure  interaction  system  is  divided  into  two 
domains  as  shown  in  Fig. 3-1.  One  is  the  domain  composed  of  the 
building  apd  the  back  filling  soil  which  are  modelled  by  finite 
elements,  and  the  other  is  the  half  space  soil  domain  by  boundary 
elements,  and  the  displacement  and  traction  of  elements  contacting 
each  other  are  adjusted,  the  transfer  function  of  each  point  of  the 
building  to  the  control  point  is  obtained.  Then  earthquake  response 
analysis  is  carried  out  easily  by  using  algorithm  of  Fast  Fourier 
Transform. 

3.2  The  Subject  of  Analysis 

Fig. 3-1  shows  the  BWR  (MARK-I)  type  reactor  building  of  subject 
matter  herein.  The  basemat  is  square  shaped  75m  x  75m  with  5m  depth 
and  the  building  is  65m  high  from  the  bottom  of  the  basement  to  top. 
The  main  structural  components  are  the  shield  wall,  the  inner  wall  and 
the  outer  wall. 

And  as  an  analytical  case,  two  different  embedment  depths  in 
elastic  half-space  soil  medium  with  a  shear  wave  velocity  of  lOOOm/sec 
are  taken  into  account.  In  Case  1,  the  building  is  embedded  20m  deep 
with  surrounding  back  filling  soil,  and  a  1/4  analytical  model  of  the 
finite  elements  with  212  nodal  points  and  about  270  element  ,  and  the 
boundary  elements  with  40  elements  are  used.  While,  in  Case  'nly  the 
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basement  of  the  building  is  embedded  without  any  backfilling  soil. 

Damping  factors  of  the  building  and  backfilling  soil  are  5Z  and 
10Z  as  complex  damping  respectively. 

The  incident  wave  to  the  hybrid  model  is  taken  into  account  as  a 
vertically  propagating  SH  wave  and  controlled  by  the  free  field 
surface.  The  sinusoidal  wave  and  EL  CENTRO  (1940  NS)  earthquake  wave 
with  the  maximum  acceleration  of  lOOgal  are  used  as  the  motion  of  the 
free  field  surface. 

3.3  Analytical  Results 

Acceleration  Transfer  Function:  Fig. 3-2  and  Fig. 3-3  show  the 
acceleration  transfer  functions  of  main  points  at  the  refueling  floor 
and  the  basemat  respectively. 

From  these  figures,  the  following  findings  are  pointed  out. 

1)  Fundamental  resonance  frequency  is  almost  the  same  in  both  cases 
but  acceleration  amplification  factor  decrease  in  all  frequency 
range  in  Case  1  in  comparison  with  Case  2. 

2)  At  the  refueling  floor,  two  points  in  the  inner  wall  (IS  &  22) 
Indicate  the  same  behavior  in  all  frequency  range,  but  the 
other  two  points  (17  &  23)  show  different  behavior  from  the 
aforementioned  points  in  the  inner  wall,  furthermore  in  high 
frequency  range  beyond  8Hz,  not  only  the  shear  deflection  but 
also  the  axial  deflection  are  generated.  These  behavior  are 
observed  to  be  almost  the  same  in  both  cases  although  the 
quantity  is  different. 

3)  At  the  basement  in  Case  1,  acceleration  amplification  factor  to 
free  field  surface  is  less  than  1.0  in  all  frequency  ranges  and 
the  difference  of  each  point  is  remarkable  in  frequency  range 
beyond  8Hz.  While  in  Case  2  acceleration  amplification  factor  is 
larger  than  that  in  Case  1  and  behavior  of  each  points  are 
almost  same  up  to  about  12Hz. 

Maximum  Earthquake  Responses  Acceleration:  Fig. 3-4  shows  the  maximum 
acceleration  distribution  in  two  vertical  sections  in  view  of 
comparison  with  both  cases.  Solid  line  and  Chained  line  show  the 
results  for  Case  1  and  Case  2  respectively. 

From  these  figures,  the  following  findings  are  pointed  out. 

1)  Although  little  difference  is  found  at  the  lower  parts,  there  is 
a  distinct  difference  at  the  upper  part  above  the  3rd  floor  and 
the  maximum  acceleration  in  Case  1  is  25Z-30Z  smaller  than  that 
of  Case  2. 

2)  The  maximum  response  acceleration  of  the  shield  wall  is  larger 
than  those  of  the  inner  wall  with  regard  to  both  horizontal  and 
rotational  motions. 

3)  At  the  upper  parts  above  the  refueling  floor  such  as  the  roof 
slab  and  the  perpendicular  inner  wall,  the  amplification  factor 
shows  increase  due  to  local  vibration  effect. 

Floor  Response  Spectra;  Flgs.3-5(a)  and  (b)  show  acceleration  response 
spectra  at  shown  points  of  the  5th  floor  in  comparison  with  both 
cases. 

From  these  figures,  it  is  found  that  spectral  values  decrease 
with  the  Increase  of  embedment  depth  and  that  the  floor  response 
spectra  are  different,  especially  remarkable  in  the  short  period  range 
even  at  the  same  floor  level. 
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3.4  Concluding  Remarks 

Concluding  remarks  in  this  study  are  as  follows; 

(1)  As  the  results  of  comparative  study,  it  is  confirmed  that  the 
earthquake  response  intensity  such  as  maximum  acceleration  and 
floor  response  up  to  high  frequency  range  decrease  with  the 
increase  of  embedment  depth  when  3-dimensional  soil-structure 
interaction  effects  are  taken  into  account. 

(2)  It  is  confirmed  that  difference  of  behavior  due  to  the  position 
is  significant  even  at  the  same  floor  level,  especially  in  high 
frequency  range,  therefore  it  is  necessary  to  take  into  account 
the  shear  and  a^ial  deflections  of  the  slab  in  the  modeling  of 
the  building  up  to  high  frequency  range. 


4.  Other  Problems 

The  overview  of  soil  structure  interaction  problems  and  its 
applicability  verified  by  some  experimental  studies  are  mentioned 
>  above.  It  is  found  that  the  recent  procedure  is  well-proved  and  lead 

to  adequate  results.  However,  needless  to  say,  they  should  be  advanced 
by  further  study  such  as  introduced  in  previous  section  corresponding 
to  the  state  of  the  art. 

In  this  section,  a  couple  of  issue  that  should  be  investigated 
further  and  adopted  into  the  practical  procedure  are  described. 

4.1  Nonlinear  Problems  for  Soil 

In  the  seismic  design  of  important  structure  against  the  most 
severe  earthquake  capable  to  occur,  the  dynamic  analyses  should  be 
executed  in  consideration  with  the  nonlinear  characteristics  of 
building  structure.  In  su<’*'  cases,  it  is  easily  supposed  that  not  only 
the  building  but  also  the  soil  may  show  strong  nonlinear  behavior. 

There  are  many  nonlinear  phenomena  in  SSI,  and  they  could  be 
classified  these  two  nonlinear  problems. 

1)  Material  nonlinear  the  soil  possesses  by  nature 

2)  Geometric  nonlinear  such  as  separation  from  side  wall  or 
structure  uplift  from  the  underlying  soil. 

For  the  former  problem,  the  direct  method  is  effective  to  treat 

the  material  nonlinearity  of  soil.  Fig. 4-1  shows  this  type  of  model 

discretized  by  FEM  or  FDM  specially.  Proper  nonlinearity  such  as 

plastic  theorem-based  yield  condition  and  hardening  rule  is  given  to 
each  element,  and  nonlinear  dynamic  response  can  be  obtained  by  means 
of  step  by  step  time  integration.  Due  to  recent  study  in  this  matter, 
the  response  value  of  structure  decreases  when  the  material 
nonlinearity  is  considered. 

For  the  second  problem,  direct  method  mentioned  above  is  also 
applicable.  Fig. 4-2  shows  an  example  of  separation  analysis  result  by 
FDM.  This  method  has  an  advantage  that  the  combined  analysis  with 
material  nonlinear  is  possible. 

Here  is  another  approach  for  this  problem  that  is  time  domain 
substructure  method  using  Green's  function  and  impulse  response 

function.  This  method  needs  excessive  computational  time,  but  that  has 
more  exactness  theoretically. 
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4.2  Pile  Foundation 


In  section  1,  it  is  explained  that  the  effect  of  dynamic  SSI  is 
decided  by  the  foundation  type,  and  in  the  case  of  the  pile 
foundation,  dynamic  SSI  takes  place  via  the  piles,  so  the  Influence  of 
them  becomes  more  complicated. 

Once,  as  simple  evaluation,  Chang's  equation  etc.  was  adopted  for 
the  horizontal  soil  spring,  and  this  method  is  practically  helpful. 
But  this  method  is  valid  only  for  static  analysis,  because  frequency 
dependency  investigated  in  section  2  can  not  be  represented  by  this 
method,  and  furthermore  when  the  piles  are  closely  spaced,  the  effect 
of  pile  group  (i.e.  pile  soil  pile  interaction.)  become  so  strong  that 
the  more  precise  evaluation  become  necessary. 

He  is  one  of  the  methods  based  on  elastic  wave  propagation 
theory.  The  ground  surface  motion  at  the  points  apart  particular 
distance  from  the  force  applied  point  at  ground  surface  is 
investigated  in  section  1.  The  similar  procedure  is  available  for  pile 
spring  evaluation.  The  relation  between  cylindrical  force  or  circular 
force  applied  in  the  ground,  corresponding  to  the  traction  at  side 
surface  and  pile  bottom  respectively,  and  the  displacement  at  the 
arbitrary  point  in  the  ground  can  be  expressed  by  some  Integral 
equations,  and  then  by  solving  them,  the  pile  spring  for  any  pile 
arrangement  can  be  obtained. 

4.3  Dynamic  Analysis  According  to  Site  Condition 

In  order  to  calculate  the  soil  springs  theoretically,  it  is 
convenient  to  assume  or  idealize  that  the  ground  is  homogeneous  half 
space  or  consisting  of  horizontally  lying  strata  although  there  are 
topography  and  irregularity  such  as  mountains  and  winding  strata.  Ue 
discussed  dynamic  SSI  problems  only  for  homogeneous  ground  in 
section  1.  Tula  assumption  leads  enough  good  results  practically,  but 
in  the  case  that  more  precise  investigation  is  required,  the 
topography  and  irregularity  should  be  taken  into  the  analytical  model. 

Usually,  boundary  element  method  or  finite  element  method  shown 
in  Fig. 4-3  are  adopted.  The  former  method  has  advantage  for  making  a 
model  of  topography  and  Infinity,  but  it  is  not  suitable  for  internal 
ground  Irregularity.  On  the  other  hand,  the  latter  method  is  effective 
to  treat  the  Internal  irregularity,  but  there  is  a  little  difficulties 
to  set  the  boundary  condition.  A  combined  analysis  as  described  in 
section  3  is  also  possible,  the  advantage  of  each  method  are  available 
in  this  case.  The  most  proper  method  should  be  chosen  according  to 
site  condition. 


5.  Conclusion 

The  study  on  the  dynamic  SSI  problems  has  started  about  50  years 
ago,  and  many  researchers  have  achieved  fruitful  results  from 
theoretical  and  experimental  approach.  Consequently,  the  effect  of 
dynamic  SSI  can  be  understood  with  sufficient  accuracy  in  nowadays.  In 
other  words,  we  can  simulate  the  dynamic  response  behavior  of  most 
type  of  soil  and  structure  system,  but  needless  to  say,  the 
complicated  procedure  such  as  mentioned  in  chapter  3  is  not  always 
necessary  to  investigate  them.  It  is  the  most  important  point  for 


engineers  to  realize  what  kind  of  SSI  governs  each  type  of  soil  «nd 
structure  interaction  system,  and  to  establish  the  best  analytical 
method  for  them. 
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Fig. 1-6  Vibration  of  Foundation  on 
Ground  Surface 


Fig. 1-7  Modelling  of  Foundation 
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Fig. 1-8  Horizontal  Soil  Spring 
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Fig. 1-11  Test  on  Embedment  Effects 


Fig. 1-12  Structure  with  Basement 
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Fig. 1-14  Vibration  of  Structure  with 
Basement  during  Earthquake 
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Fig. 2-1  Nuclear  Power  Plant  with  Embedment 
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Fig. 2-2  Analytical  Models  Msthod 


Fig. 2-3  Resonance  Curves  (A  Plant)  Fig. 2-4  Resonance  Curves  (B  Plant) 
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Fig. 2-5  A-A  Cross  Section 
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Fig. 2-9  Result  of  Sinulation  Analysis 


Reactor  Building  (BUR  HARK  I) 


(a)  Case  1  (b)  Case  2 

Fig. 3-2  Acceleration  Transfer  Function  of  Main  Points 
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Fig. 3-3  Acceleration  Transfer  Function  of  Main  Points 
at  the  Basement  to  Free  Field  Surface 
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Fig. 3-4  Maximum  Acceleration  Distribution  in  Vertical  Section 
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ABSTRACT 

The  paper  deals  with  the  following  aspects: 

-  the  meaning  of  the  "aseismic  protection* notion  in  a 
wide  and  complex  meaning  in  the  frame  of  UNDRO  terminology 
(1979)  used  in  the  study  on  seismic  risk; 

-  the  notion  "earthquake  response"  with  reference  to 
the  previous  earthquakes  esperienced  in  our  country  and  in 
the  world; 

-  the  present  situation  of  legislation,  codes  and  uder- 
gone  actions  well-known  in  the  world,  concerning  the  effici¬ 
ent  society  response  in  case  of  earthquakes  and  the  expe  - 
rience  gained  in  our  country  from  the  previous  earthquakes; 

-the  use  of  seismic  prediction  for  planning  the  earth  - 
quake  response; 

-  seismic  hazard  and  risk  factors  under  the  conditions 
of  seismic  zones  in  our  country; 

-  elements  subjected  to  seismic  risk  in  our  country  in 
urban  and  rural  areas  (constructions,  population,  vital  so¬ 
cial  and  economical  function,  life-lines  a. s.o. ) ; 

-  aseismic  design  recommendations,  the  assessment  if  of 
existing  buildings,  aseismic  resistance  and  of  the  streng  - 
thening-  repairing  works  in  our  country; 

-  legislation  concerning  the  post-seismic  emergency  in¬ 
tervention  and  aspects  of  preseismic  planning  under  the  sei- 
mic  conditions  of  our  country; 

-  the  nature  and  type  of  aseismic  preparedness  and  pro¬ 
tection  operations  and  the  required  intervention  actions  in 
case  of  earthquake  in  our  country  and  the  existing  premises 
in  the  field; 

-  conclusions  on  the  required  research  programme  with 
a  view  to  take  efficient  measures  in  the  frame  of  the  inte¬ 
grated  national  programme  for  protection,  aseismic  prepared¬ 
ness  and  interventions  in  case  of  earthquakes  in  our  country. 

1.  THE  ASEISMIC  PROTECTION 

Romania  is  encountered  among  the  countries  with  a  severe 
seismicity, especially  in  the  Vrancea  zone.  The  aseismic  pro¬ 
tection  of  buildings  has  been  applied  for  40  years  and  during 
this  time  the  Romanian  seismology  and  earthquake  engineering 
has  gained  experience  and  gathered  scientific  data. 

In  a  broader  sense  the  aseismic  protection  means  the  en¬ 
largement  of  classical  seismological  and  earthquake  enginee¬ 
ring  fields.  Thus,  besides  the  aseismic  design  protection, 
efficient  measures  should  be  provided  in  order  to  avoid  the 


negative  effects  of  earthquakes  for  'the  whole  society  that 
represent  a  system  with  interconnected  components .  As  the 
age  and  resistance  of  components  are  variable  it  has  been 
taken  into  account  that  even  the  temporary  components  ort 
of  function  due  to  the  earthquake  could  lead  (even  with  no 
physical  damages  noticeable  in  all  fields)  to  a  disorder  in 
the  functioning  of  the  society  assembly,  with  a  lot  of  so¬ 
cial,  economic  and  cultural  losses.  In  this  context,  the 
aseismic  protection  of  a  new  objective  is  a  construction  dee 
cribed  by  the  regulations  in  force.  ” 

The  meaning  of  the  term  "Complex  protection"  refers  to 
the  state-of-the-art  of  the  existent  system  and  consequently 
the  anticipation  of  the  vulnerable  points  of  the  social  and 
economic  system  as  compared  with  the  seismic  action  and  the 
early  drawing  up  of  all  the  necessary  correction  measures. 
Legal  and  specialized  recommendations  for  this  matter  have 
been  drawn  up  only  in  several  countries.  The  purpose  of  this 
preparedness  is  to  avoid  and  considerable  reduce  the  disas^ 
trgus  losses  and  disturbances  providing  an  efficient  social 
reply  in  case  of  earthquakes. 

The  DNDRO  terminology  (1979)  is  given  below  in  order  to 
use  a  unitary  language;  several  developments  and  new  speci¬ 
fications  drawn-up  in  the  frame  of  the  Balkanic  Project  RER/ 
79/014  are  used  too.' 

^  n-  The  Seismic  Hazard  represents  the  expected  succession  in 
a  probabilistic  sense,  for  a  specific  time  period,  of  the 
seismic  actions  of  certain  intensities;  the  seismic  hazard 
depends  not  only  upon  the  characteristics  of  the  source  but 
also  upon  the  ground  conditions  of  the  analysed  zone.  The 
seismic  hazard  maps  shows  the  zones  and  the  probabilities 
for  the  return.  period#. 

The  Seismic  Vulnerability  shows  the  anticipated  distri¬ 
bution  of  noticeable  physiaal  seismic  damages  underwent  by  ?, 
type  of  structure  due  to  a  seismic  incident  action,  conditi¬ 
oned  by  the  intensity  of  the  seismic  action;  the  seismic  vul 
nerablllty  represents  am  intrinsic  characteristic  of  a  cer-” 
tain  type  of  structure  as  compared  with  the  seismic  action; 
the  loss  degree  is  represented  on  a  scale  from  /  0  (no  loss) 
up  to  1  (total  loss) . 

The  Specific  Risk  represents  the  anticipated  distribu¬ 
tion  of  seismic  "damages  underwent  -._by  a  certain  type  of 
structure  due  to  the  succession  of  the  expected  seismic 
actions  for  a  determined  period  of  time  when  the  structure  . 
is  permanently  exposed  to  seismic  hazard  and  depending  upon 
the  hazard  and  vulnerability. 

The  Elements  at  Risk  (Exposed  to  Risk)  represents  the  ma 
terial  and  cultural  values,  as  well  as  the  human  activities,"” 
that  could  be  affected  (disturbed,  damaged)  by  the  earthquake 
or  by  the  seismic  damages  of  a  certain  structure.  They  are 
characterised  by  the  seismic  exposure  degree  and  by  the  dis¬ 
tribution  of  anticipated  losses,  conditioned  by  the  degree 
of  the  possible  damage  of  the  structure  under  consideration 
(constructions,  population,  social,  economical  and  cultural 
activities  exposed  to  risk  in  a  given  zone) . 

The  Seismic  Risk  represents  the  anticipated  distribution 
of  losses  of  various  kinds  with  reference  to  people,  the  ma- 


terial  and  cultural  values  as  well  as  the  human  activities, 
taking  into  ccccurt  the  exposure  degree  of  elements  at  risk 

for  a  determined  time  period.  Tne  rask  is  got  by  t.ie  convo¬ 
lution  of  hazard,  vulnerability  and  elements  at  risk. 

"Disaster”  is  a  nonstandaraized  term  tha;  is  usea  both 
for  natural  phenomena  and  for  serious  accidents  and  their 
consequences.  This  explanation  refers  to  the  earthquakes 
because  the  causes  and  distructive  effects  occur  almost  sim 
multaneously  so  that  people  call  them  the  same  term  even  iT 
the  situation  changed  during  the  lost  decades  at  the  same 
time  with  the  evolution  of  the  aseismic  protection  measures. 

There  are  indeed  natural  phenomena,  even  strong  motions, 
that  do  not  cause  disasters  if  the  zone  struck  by  the  earth¬ 
quake  is  unbuilt  and  uninhabited  or  if  the  zone  is  inhabited 
but  efficient  aseismic  protection  measures  are  going  to  be 
applied.  That  is  why  the  present  tendency  is  to  call  disaster 
the  severe  effects  of  some  natural  phenomena  (including  earth 
quakes)  only  if  these  lead  to  massive  life  losses,  to  destroy 
ed  localities,  to  distrubances  of  social,  economic  and  cul¬ 
tural  life,  to  serious  secondary  effects  a.s.o. 

Using  the  UNDRO  terminology,  the  seismic  hazard  cannot 
be  reduced  but  the  vulnerability  of  structures  and  endowments 
the  exposure  degree  of  elements  at  risk  ,  the  specific  risk 
and  the  seismic  risk  could  be  reduced  all  these  refering  to 
the  anticipated  total  losses,  in  order  to  avoid  disasters. 

2.  THE  EARTHQUAKE  PREPAREDNESS 

2.1.  The  Evolution  of  Concerns 

The  social,  economical  and  cultural  development  of  the 
human  society  in  a  seismic  zone  gradually  leads  to  an  increa 
sed  number  of  constructions,  endowments,  settlements  and  ac¬ 
tivities  performed  on  this  territory. 

Their  vulnerability  depends  upon  the  knowledge  degree  of 
the  zone  seismic  hazard  and  the  real  aseismic  protection  mea 
sures  for  each  element  apart  exposed  to  risk  and  for  their  ” 
assembly  according  to  the  social  and  economical  policy  of  the 
country.  The  experience  of  previous  earthquakes  occurred  in 
the  20th  century  underlined  a  number  of  anticipating  prepa¬ 
redness  requirements  for  an  efficient  response  to  earthquake. 

As  a  result  of  the  previous  earthquakes  the  following 
examples  of  concerns  are  given  below: 

-  1906  -  San  Francisco,  USA  -  the  aseismic  design  protec 
tion,  lifelines  protection  (for  preventing  the  fire,  for  run¬ 
ning  water,  for  the  gas  and  electricity  system  and  for  the 
communication  systems  a.s.o.); 

-  1923  -  Kanto,  Japan  -  fire  protection  for  the  wooden 
buildings  in  urban  zones; 

-  1933  -  Long  Beach,  California,  USA  -  the  specific 
aseismic  protection  of  school  buildings; 

-  1964  -  Alaska,  USA  -  the  necessity  of  organizations 
for  postseismic  intervention, of  an  anticipated  specialized 
preparedness,  of  the  site  conditions  study; 

-  1964  -  Niigata,  Japan  -  showed  the  danger  of  placing 
the  oil  storage  tanks  in  the  neighbourhood  of  a  big  town  and 
the  consequencies  of  neglecting  the  local  ground  conditions 
(liquefaction) ; 


-  1971  -  San  Fernando  -  USA-  underlined  the  vulnerabili. 
ty  of  ’.osoital  buildings.  In  California  a  new  legislation 
concerning  the  disaster  prevention  measures  in  case  of  earth 
quakes  was  adopted; 

-  1572  -  Managua ,N1  caragua  -  underlined  the  possible 
disaster  effect  in  a  town  without  lifelines  and  adequate 
emergency  endowment  where  no  aseismic  urban  measures  were 
taken; 

-  1975  -  Haicheng , China  -  the  first  earthquake  scienti¬ 
fically  predicted  on  a  long, medium, short  and  imminent  ter r: , 
with  attentively  prepared  evacuation  measures  and  a  massi'e 
reduction  of  human  life  losses  and  partially  of  economical 
losses ; 

-  1976  -  Tansan, China  -  showed  the  catastrophic  effect 
of  an  underestimation  of  the  territory  seismicity  of  the  lack 
of  seismic  urban  measures  and  the  importance  of  the  scienti¬ 
fic  prediction/6/; 

-  1977  -  Vranc.ua  .Romania  -  shows  the  difference  between 
the  serious  damage  of  nonaseismic  designed  old, high, urban 
buildings  and  the  good  behaviour  of  buildings  designed  accor 
ding  to  the  recent  recommendations,  especially  precast  build 
ings ; 

-  underlined  the  necessity  of  instrumental  seismic  re¬ 
cordings  ; 

-  proved  the  importance  of  social , economic  and  human  re 
sources  for  the  rehabilitation  after  the  earthquake,  under 
the  state  control  in  an  adequate  time  period; 

-  studies  performed  on  the  seismic  vulnerability  and 
aseismic  protection  in  a  broader  sense  in  our  country, too. 

1978  -  Japan  -  "Law  on  the  large  scale  countermeasures 
in  case  of  earthquakes"  were  adopted;  a  seismological  tempo¬ 
ral  evolution  and  earthquake  preparedness  in  Tokai  cone  was 
established/7/,  based  on  the  hypothesis  of  a  scientific  pre¬ 
diction  publicly  announced. 

1976-1981  -  Italy  and  Greece  initiate  governmental  orga 
nizations  for  the  earthquake  intervention  preparedness,  pre¬ 
vention  of  seismic  losses,  aseismic  education,  seismic  pre¬ 
diction  studies  a.s.o. 

1983  -  Erzurum, Turkey  -  urgent  measures  for  a  temporal 
lodging  of  inhabitants  in  rural  zones  destroyed  by  the  earth 
quake.  Within  one  year  the  zone  is  rebuilt  with  modern  struc~ 
tures.  Aseismic  education  measures  were  taken  by  video  casset 
tes,  publication's,  seminars  /8/. 

1986  -  moderate  -severe  earthquakes  in  Vrancea  zones, 
Romania  and  Veliko-TIrnovo , Bulgaria . 

During  the  period  September-December  1986, the  negative  effect 
of  the  lack  of  education  and  technical  and  scientific  informa 
tion  about  earthquakes  influenced  the  psychology  of  the  most- 
sensitive  inhabitants. 

Generally  as  a  result  of  the  foregoing  facts  it  has  been 
noticed  an  upward  evolution  of  the  people's  concern,  at  pre¬ 
sent,  the  aseismic  protection  as  compared  with  the  earthquake 
effects,  has  a  complex  and  direct  character  and  is  proporti¬ 
onal  to  the  number  and  character  of  the  elements  at  risk,  res 
pectively  proportional  to  the  social  and  economical  develop¬ 
ing  level  of  the  respective  countries. 


2.2.  Legislations,  c<~  s;  ■  id  experience 

The  synthetic  situation  on  a  world  scale  is  as  follows: 

Japan:  there  is  a  complex  legislation  for  prevention 
and  control  measures  of  the  disastrous  effects  of  natural 
phenomena  and  accidents,  including  also  those  for  the  eartn- 
quakes,  occurred  in  1961  and  applied  and  controlled  by  the  go 
vernment.  Since  1978  the  provisions  of  a  special  law  for  the 
earthquake  preparedness  have  been  applied  for  the  Tokai  zone 
for  an  earthquake  with  M=d  that  is  expected  to  be  publicly 
predicted  and  announced  in  due  time,  according  to  the 

continuous  instrumental  recordings. 

All  over  the  country  each  year  on  the  1st  of  September 
exercises  for  the  disaster  prevention  are  performed,  especi¬ 
ally  in  big  cities  and  the  intensified  observations  zones. 
Yearly  2.8  billion  dollars  are  allotted  for  the  preparation 
of  earthquake  countermeasures  /7/. 

China:  there  are  legislations  and  state  organisms  that 
regulate  the  disaster  prevention,  including  the  seismic  ones 
Officially,  the  use  of  seismic  prediction  is  considered  as 
an  efficient  method  to  avoid  or  reduce  losses,  although  the 
general  application  is  not  yet  possible. 

USA  :  there  is  the  federal  legislation  concerning  the 
prevention  and  avoidance  of  disasters.  In  California  State 
specific  laws  and  measures  have  been  applied  and  legislated 
for  earthquakes.  For  a  local  usage  there  is  a  relative  inde¬ 
pendence  with  respect  to  the  character  and  wide  application 
of  such  measures.  Engineering  studies  have  been  performed 
for  the  estimation  of  seismic  risk  for  several  urban  cities 
such  as  Los  Angeles  and  San  Francisco  /9/. 

Greece:  earthquake  protection  and  preparedness  are  con¬ 
trolled  by  the  governmental  organizations  -  EPPO  (1983)  with 
wide  coordination  research  tasks, 

Italy:  Ministry  for  the  Coordination  of  Civil  Protection 
that  cooperate  with  the  .regional  and  local  organizations  in 
performing  th*  analysis  of  the  vulnerability  of  towns  with 
old  building  stock  and  the  intervention  in  case  of  earthquake 
(1976-1980) . 

France :  the  planning  for  the  disaster  prevention  is  or¬ 
ganized  through  the  ORSEC  plan  that  stipulates  the  conjuga¬ 
ted  intervention  of  all  technical  and  social  organizations 
and  ministries  involved  in  case  of  natural  disaster  or  public 
accidents  /3/. 

Turkey. :  the  intervention  disaster  works  are  organized 
by  the  civil,  central,  military  and  local  governmental  organi 
zations  and  technical  and  social  organizations  and  ministries. 
The  earthquake  represents  one  of  the  frequent  intervention 
field  /10/. 

USSR:  aseismic  protection  is  achieved  first  by  a  compul¬ 
sory  application  of  the  seismic  design  code  for  buildings,  of 
the  code  construction  provisions  drawn-up  under  the  state 
scientific  control.  The  seismic  zoning  map  of  1981  has  a  proba¬ 
bilistic  meaning.  Prediction  seismic  studies  were  performed  in 
many  active  zones.  When  major  post-seismic  effects  occurred 
the  specialized  state  organizations  applied  rapid  and  effi¬ 
cient  measures. 

Romania :  the  aseismic  protection  is  compulsory  applied 
in  the  building  design  based  on  a  periodically  revised  codes. 
The  construction  works  are  performed  by  the  state  enterprises 


under  a  specialized  technical  control.  To  remove  the  March 
4th  1977  earthquake  effects,  a  rapid  and  efficient  interven¬ 
tion  was  initiated  for  the  saving,  recovery,  repairing  and 
strengthening  works  of  vulnerable  buildings  ..built  before 
1940.  There  is  a  legislation  concerning  the  central  and  lo¬ 
cal  organization. for  the  intervention  in  case  of  natural 
disasters  and  experience  concerning  the  repairing,  streng-,..- 
thening  and  reconstruction  works  after  the  earthquake.  The 
continuous  development  of  high  technology, industries  and  so¬ 
ciety  Imposes  the  enl surging  of  the  directions  for  improving 
the  earthquake  preparedness  in  all  field  losses  could  appear. 

x  x 

X 

In  many  other  countries  on  a  world  scale  the  earthquake 
response  is  regulated  by  the  civil  protection  law  or  by  the 
general  legislation  concerning  disasters.  It  has  been  esta¬ 
blished  that  it  is  not  only  the  legislation  or  the  organizing 
schemes  that  condition  the  response  efficiency,  but  the  way 
the  practical  cooperation  between  the  involved  local  and  cen¬ 
tral  authorities  is  achieved,  the  ratio  between  the  existing 
sources  and  those  effectively  applied,  the  social .and  economi. 
cal  conditions  of  the  destroyed  country,  the  dimension  of  — 
zones  subjected  to  risk,  the  general  level  of  understanding 
the  earthquake  engineering  problems  by  the  citizens,  autho¬ 
rities,  technical  staff,  the  severe  authorized  and  specialized 
aontrol  and  the  rapidity  of  intervention  works  a.s.o.  /3/. 

3.  GENERAL  SEISMIC  RISK  AND  HAZARD  FACTORS  FOR  THE 
ROMANIAN  TERRITORY 

1*1.  Selassie  Hazard 

.  For  the  Romanian  territory  the  most  important  seismic 
source  is  Vrancea  zone  placed  at  the  curvature  of  the  Carpa¬ 
thians  Mountains.  The  earthquakes  occur  at  an  intermmediate 
depth  of  100  *..  150  km  with  medium  magnitudes  M=7  Richter, 

2-3  times  a  century.  The  strongest  earthquakes  with  M=7 
causes  seismic  motions  with  VII-VXII  MSK  intensities  on  almost 
half  of  the  country  territory.  Other  local  or  external  sources 
of  the  territory  generates  VII-VIli  msk  intensities  less 
often  than  once  a  century. 

The  spectral  composition  underlined  by  INCERC  recording 
of  the  March  4th, 1977  earthquake  with  M-7 . 2 ,  shows  relatively 
long  predominant  periods  (over  1  sec.)  especially  in  zones 
with  thick  sedimentary  layers  affected  by  the  intermediate 
earthquakes. 

The  recordings  of  August  31st  1986  Vrancea  earthquake 
(M*6.8)  showed  the  relative  short  oscillations  predominant 
period  (0.2  ...  0.5  s)  / 21/. 

The  known  elements  concerning  the  historic  periodicity 
of  earthquakes  on  the  territory  are  not  synthetized  on  a  seis 
mic  hazard  map  in  a  probabilistic  way  required  for  the  eva-  — 
luatlon  of  convolution  in  the  risk  analysis. 

3.2.  Seismic  Risk 

The  seismic  events  that  caused  human  and  material  losses 
occurred  in  1940  and  1977.  In  1940  almost  500  life  losses 
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were  recorded.  In  1977,  1570  people  were  killed,  11.300  in¬ 
jured  people,  32.900  damaged  and  collapsed  buildings,  the 
total  economic  losses  value  was  2  billion  dollars  /12/. 

In  1940  only  one, fourteen  storey  reinforced  concrete  bull 
building  collapsed  in  Bucharest,  oh  the  other  hand,  in  the  epi 
epicentral  zone  and  the  rest  of  the  country  many  low  build¬ 
ings  were  destroyed. 

In  1977  28  buildings  collapsed  in  Bucharest  (all  build¬ 
ings  built  before  1940) .  All  these  were  6-12  storied  build¬ 
ings  with  vertical  reinforced  concrete,  masonry  elements  and 
beams  that  were  not  frame  joints.  Almost  400  hundred  build¬ 
ings  in  Bucharest  were  included  in  this  category  (buildings 
damaged  in  1940  and  unadequately  checked  after  the  earth¬ 
quake)  .  It  has  been  established  the  character  of  the  strong 
motion  effects  combined  with  the  ageing,  corrosion  and  over¬ 
stressing  effects  etc./ 12/. 

From  the  buildings  designed  and  built  according  to  the 
aseismic  design  codes  drawn-up  between  1950-1977  ,  three 
partial  collapses  were  recorded  and  others  damaged  due  to  the 
the  fact  that  the  design  seismic  forces  and  the  spectral 
coefficient  included  in  that  codes  were  very  much  different 
from  the  real  requirements  underlined  by  March  4th  1977 
earthquake  recording.  Nevertheless,  the  damage  ratio  under¬ 
lines  the  positive  role  of  the  aseismic  design.  The  high  - 
rise  frame  structures  were  much  more  damaged,  and  out  of  the 
high  bearing  wall  structures  almost  30%  were  damaged  and 
only  two  cases  of  partial  collapse  were  recorded.  The  cost 
of  the  repairing  and  strengthening  works  was  very  high  in¬ 
creasing  the  value  of  the  direct  losses. 

3.3.  The  Seismic  Prediction  For  The  Future  Activity  Of 
The  Vrancea  Earthquake  ' 

The  Vrancea  seismic  focus  is  persistent  and  isolated, 

-and  although  there  is  not  a  full  agreement  between  the  re¬ 
searchers,  it  has  been  considered  that  a  subduction  process 
may  be  present  in  the  zone  /12/. 

Enescu,  MSrza  and  ZamSrca  (1974)  showed  that  there  is  a 
regular  random  scheme  for  the  occurrence  of  Vrancea  earth¬ 
quakes  consisting  in  three  peaks  of  seismic  activity  in  each 
century.  The  maximum  values  occur  at  the  years  of  1-10,  30 
30-42  and  70-90  each  century.  The  conclusion  proves  that  an 
earthquake  will  be  possible  to  occur  with  I*  =VIII-IX  between 
1978-1990  (in  fact  the  event  occurred  in  1977)  and  similar 
events  may  be  expected  between  2004  +  4  years  and  again  in 
2040  +  5  years  /17,20/.  Other  studies  were  performed  concer¬ 
ning  the  long  time  prediction  of  Vrancea  earthquakes.  After 
1977,M8rza  showed  for  the  first  time  .aposteriori,  six  types 
of  seismic  quiescence  schemes  (seismic  gaps)  that  preceded 
Vrancea  earthquakes  with  ti>5. 

The  seismic  event  of  August  31st, 1986,  although  occurred 
at  the  usual  time  interval  of  earthquakes  with  M  s  7,  does 
not  change  the  occurrence  periodicity  of  strong  motions  si¬ 
milar  to  the  March  4th  1977  Vrancea  earthquake.  The  time  in¬ 
terval  left  (that  has  to  be  appreciatted  in  a  probabilistic 
sense)  till  the  future  strong  motion  round  the  year  2000, 
must  be  used  for  taking  measures  for  the  preparedness  seis  - 
mic  response. 

Meanwhile  the  developing  seismology  research  on  the  short 


term  and  imminent  earthquake  prediction  could  lead  to  valid 
results  for  Vrancea  zone,  too. 

Supposing  that  this  event  could  occur  in  the  near  futur 
future  and  that  the  scientific  and  instrumental  basis  could 
exist  for  the  prognosis  of  a  future  seismic  event,  the  lack 
of  information  and  society  preparedness  would  probably  be  a 
source  of  social  and  economical  negative  effects, if  some¬ 
times  news  about  a  coming  event  spread  over  a  human  communi¬ 
ty  from  unknown  sources. 

That  is  why  the  prediction  research  must  be  rationally 
used  at  this  stage  ,  first  of  all  to  space  out  usefully  the 
preparedness  measures  by  informing  the  population,  the  spe¬ 
cialists  and  administrative  personnel  about  the  scientific 
progress  in  the  field  and  about  the  probabilistic  limita¬ 
tions  of  this  matter.  As  a  conclusion,  the  seismic  predic¬ 
tion  elements  known  up  to  now  justify  the  complex  aseismic 
protection  measures  for  removing  the  main  risk  factors  till 
the  future  Vrancea  strong  motion. 

3.4 .  The  Elements  At  Seismic  Risk  in  Urban  And  Rural 
fones  ln  Romania  ~~ 

Romania  has  a  population  of  22.6  million  inhabitants, 
a  surface  of  237.500  km2  and  is  administratively  organized 
in  40  counties  and  the  Municipality  of  Bucharest.  After  a 
brief  analysis  of  the  seismic  zoning  map,  only  in  six  coun¬ 
ties  the  expected  intensities  do  not  exceed  the  seismic  de¬ 
gree  of  VI  MSK,  the  other  34  counties  and  the  Municipality 
of  Bucharest  could  be  struck  by  VII-IX  MSK  intensities. 
Generally,  50%  of  the  territory  is  struck  by  Vrancea  earth¬ 
quakes;  in  that  zone  there  are  localities  with  various  so¬ 
cial  and  economical  activities  that  potentially  may  suffer 
the  negative  effects  of  an  earthquake.  These  effects  could 
occur  due  to  the  violence  of  the  seismic  motion,  to  the  exis 
tence  of  old  non-aseismically  designed  buildings  or  buildings 
built  according  to  the  codes  based  on  former,  reduced  code 
seismic  forces. 

with  respect  to  provide  the  general  complex  aseismic 
protection,  a  full  analysis  should  be  performed  on  the  num¬ 
ber  and  resistance  characteristics  of  the  social  and  economi 
cal  elements  subjected  to  seismic  risk  in  the  foregoing 
zones.  This  is  a  huge  and  long  time  work  and  requires  a  lot 
of  information  and  computation  data  and  sometimes  because  of 
lack  of  data  ,  it  requires  only  general  estimations.  This 
paper  presents  only  a  few  data  that  have  been  published  and 
that  underlines  the  need  of  detailed  evaluations  for  various 
fields.  According  to  the  data  included  in  the  statistical 
annual  book  /13/  the  following  can  be  stated; 

-  a  number  of  23  counties  and  the  Municipality  of  Bucha 
rest, most  of  them  placed  in  VII-IX  MSK  intensity  zones,  com¬ 
prises  70%  of  the  total  fixed  funds  (endowments)  of  the  so¬ 
cial-economical  units  all  over  the  country,  that  achieve  69% 
of  the  industrial  production  of  the  country.  Almost  all  kinds 
of  industries  are  represented  there; 

-  In  neighborhood  of  Vrancea  seismogenetic  zone,  the 
density  of  the  inhabitants  is  1.5-2  times  higher  than  the 
average  for  the  whole  country;  59%  of  the  whole  country  popu 
lation  live  in  seismic  zones; 

-  twenty-nine  towns  (with  more  than  10,000  inhabitants) 
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and  the  city  of  Bucharest  are  placed  in  VII  -  IX  MSK 
degree  intensity  zones,  including  three  out  of  six  big 
towns  of  the  country  with  200-300  thousand  inhabitants,  10 
county  capitals  and  Bucharest,  the  capital  of  the  country. 
These  30  towns  include  38.53%  of  the  urban  population  of  the 
country  or  18.98%  of  the  whole  population.  Moreover,  58  towns 
out  of  which  13  are  county  capitals  (26.11%  of  the  urban  po¬ 
pulation  or  12.86%  of  the  whole  country  population,  namely 
almost  3  million  inhabitants)  are  located  in  VII  MSK  seismic 
intensity  zones. 

In  all, 51.46%  of  towns  with  more  than  10,000  inhabitants 
are  placed  in  VII-IX  seismic  intensity  zones  and  comprises 
64.65%  of  the  urban  population  or  31.87%  of  the  whole  country 
population. 

-  the  building  stock  comprises  both  structures  built 
before  1940 (November  10th, 1940  Vrancea  earthquake  led  to  the 
use  of  the  first  official  temporary  aseismic  design  code) and 
relatively  new  industrial  ,  agrozootechnical , roads,  bridges, 
dams  constructions  as  well  as  residential  buildings  and  spe¬ 
cial  works,  all  of  them  aseismically  designed  according  to 
the  aseismic  design  codes  in  force  during  their  construction. 
The  detailed  analysis  will  point  evident  other  characteris¬ 
tics,  too. 

In  general,  the  big  and  historical  cities  are  endowed 
with  residential,  social  and  public. and  economic  building 
stock  that  is  older  and  more  vulnerable  at  seismic  motions. 

Noteworthy  is  the  fact  that  during  the  period  1951-1983 
more  than  9  million  buildings  were  built  in  the  country,  out 
of  which  2.2  million  in  the  rural  areas.  The  previous  earth¬ 
quake  did  not  cause  disastrous  effects  in  rural  areas.  Other 
elements  subjected  to  seismic  risk  must  be  similarly  analyz¬ 
ed  taking  into  account  the  following  specifications: 

-  the  agricultural  system  is  industrialized,  provided 
with  an  irrigation  system,  silos,  agricultural  machine  sta¬ 
tions,  zootechnical  halls  that  were  vulnerable  at  earthquakes 
in  certain  cases.  To  avoid  large  disturbances  in  the  agricul 
tural  and  zootechnical  production  their  construction  of  all” 
types  should  be  tested  and  aseismically  protected,  according 
to  the  norms  in  force; 

-  the  commerce  and  the  producing  cooperative  system  are 
endowed  with  older  vulnerable  buildings  that  due  to  their 
damage  can  stop  the  supply  with  goods  that  are  necessary  for 
the  emergency  stage; 

-  schools  should  be  specifically  analysed  both  with  res¬ 
pect  to  the  aseismic  protection  of  students  and  to  the  fact 
that  only  through  schools  the  aseismic  education  of  people 
concerning  the  behaviour  and  natural  reaction  of  citizens 
could  be  performed; 

-  hospitals  are  the  first  to  be  analysed  ir.  order  to  be 
kept  in  operation  during  an  earthquake  and  to  support  the  re 
habilitation  efforts. 

The  24  counties  that  are  located  in  areas  with  a  very 
severe  seismicity  are  endowed  with  almost  133  thousands  of 
hospitals  beds.  These  hospital  units  will  be  used  for  emer¬ 
gency  medical  assistance  after  an  earthquake  whenever  neces~ 
sary,  but  nevertheless,  their  buildings  should  be  thoroughly 
tested  and  provided  with  independent  running  water  pipes, 
power  station  and  drugs. 


-  the  cultural  and  art  institutions,  the  mass  media  . 
means  should  be  analysed  and  protected  and  kept  in  proper 
operation  conditions  and  used  after  the  earthquake  at  the 
psychological  rehabilitation  of  the  inhabitants  and  for  their 
proper  information; 

-  very  important  networks  (lifelines)  are  numerous  in 
the  seismic  zones  of  the  country. 

Magistral  power  lines  railways  and  very  important  nati¬ 
onal  roads,  highways,  some  of  them  being  unique,  are  passing 
through  the  Vrancea  epicentral  zone. 

The  vulnerability  of  the  lifelines  is  caused  by  their 
weakest  point,  for  example  the  damage  of  a  bridge  could  stop 
the  whole  undamaged  road  network  when  there  is  no  other  round 
about  road  and  consequently  the  goods  and  food  supply  in  that 
zone  is  stopped.  In  this  respect  the  critical  points  of  the 
detailed  analysis  should  be  considered  with  reference  to: 
power  stations,  power  transformer  stations,  pumping  stations, 
road  bridges  and  railway  bridges,  telephone  exchange  and  ra¬ 
tio  transmissions,  roundhouses  and  sheds,  and  large  garages, 
etc.  Under  the  conditions  of  automation  and  the  use  of  elec¬ 
tronic  systems  in  the  national  economy,  the  protection  of 
new  computation  systems  and  processing  computers  represents 
a  new  field  of  concerns. 

The  immediate  intervention  systems  -  ambulance,  firemen 
brigade,  guards,  order,  recovery,  demolishing  and  urgent 
strengthening  works,  the  road  traffic  control  -  should  be 
analysed  and  kept  in  proper  operation  conditions  after  the 
main  seismic  motion  in  any  season,  day  or  night  and  having 
available  independent  food  supplies  (water,  electricity , com¬ 
munications  ,  and  victuals  a.s.o.). 

The  military  units  and  other  military  and  civil  organi¬ 
zations,  that  have  specific  functions  in  case  of  disasters 
should  analyse  and  organize  their  work  priorly  according  to 
special  criteria . 

4.  LEGISLATION , CODES  AND  PROPOSALS  CONCERNING  THE  ASEIS 
MIC  PROTECTION  AND  EFFICIENT  EARTHQUAKE  PREPAREDNESS 
IN  ROMANIA 

4.1.  The  experience  of  March  4th  1977  earthquake 

As  a  consequence  of  the  1970  and  1975  floods  there  was 
an  experience  of  natural  disaster, in  Romania  in  1977,  concer 
ning  the  mustering  of  all  technical,  economical  and  adminis¬ 
trative  resources,  ambulance  service  and  supports  given  to 
the  victims  of  disaster,  rehabilitation  of  a  locality  a.s.o. 
Naturally, the  seismic  effects  have  their  own  character,  and 
in  1977  the  main  specific  element  was  the  damages  in  several 
big  towns  (Bucharest,  Craiova,  Ploiepti,  la?i)  where  the  old 
building  stock  was  richly  represented.  The  postearthquake 
intervention  was  very  well  coordinated  at  the  central  and 
local  level,  joining  all  available  forces  (very  often  volun¬ 
teers)  ,  the  repairing  of  the  damaged  zones  being  very  fast 
done  as  compared  with  the  international  experience.  The  ne¬ 
cessity  state  was  declared  by  a  presidential  decree  on  March 
4th, 1977.  During  the  following  week  the  political  and  govern! 
mental  organizations  joined  for  meeting  every  day;  the  Pre-"~ 
sident  of  Romania,  Comrade  Nicolae  Ceaugescu ,  visited  daily 
the  places  of  the  collapsed  buildings  where  people  tried  to 


rescue  the  victims  from  under  the  debris,  and  efficient  mea 
sures  were  taken  for  providing  shelter,  food  and  support  to 
the  victims  of  the  earthquakes.  On  March  8th  the  schools  and 
universities  started  their  activity  again  and  was  published 
the  decision  of  the  Communist  Party  and  Government  concern¬ 
ing  the  ways  of  financial  and  material  support  (money,  goods, 
clothes,  new  permanent  dwellings)  for  the  victims  of  the  di¬ 
saster.  On  March  10th  ,  the  necessity  state  ceased  on  the 
Romanian  territory  and  on  March  15th  it  ceased  in  Bucharest, 
too. 

The  rescuing  operations  from  under  the  debris  though 
very  fast,  continued  till  all  victims  were  found;  in  Bucha¬ 
rest  many  persons  were  rescued  alive  from  under  the  debris 
after  considerably  long  time  intervals  such  as  a  six  year 
old  girl  who  was  rescued  after  62  hours,  a  22  year  old  woman 
after  128  hours,  an  old  woman  after  188  hours  and  a  19  year 
old  boy  after  251  hours  from  under  the  debris  in  a  basement. 

In  Bucharest  the  strengthening  and  repairing  works  for 
the  first  urgency  lasted  for  2-3  months  and  the  modern  re¬ 
construction  of  the  Zimnicea  town  center  ,  80%  destroyed, 
needed  several  months  for  building  precast  structures. 

Under  these  conditions  experience  was  gained  on  the 
strengthening  and  repairing  works  of  various  type  of  struc¬ 
tures  with  reference  to  the  intervention  in  case  of  earth 
quake,  to  the  temporary  lodging  of  the  disaster  victims  etc. 
The  1977  intervention  experience  was  specifically  introduced 
in  the  legislation  of  1977  and  1978. 

4.2.  Juridical  Framework  And  The  Codes  In  Force 

RFtef  wrr - 

The  aseismic  protection  of  new  buildings  has  been  provi¬ 
ded  for  the  last  40  years  by  the  aseismic  design,  execution 
and  in  service  survey  according  to  laws  and  standard  codes 
and  technical  institutions  under  the  control  of  the  State  or 
ganizations.  Law  nr. 8/1977  refers  to  the  providing  of  the  in 
service  safety,  the  operation  and  quality  of  structures  and 
Code  P.100/1981  concerns  the  aseismic  design  of  residential 
buildings,  social  and  cultural,  agrozootechnical  and  indus¬ 
trial  constructions/ 14/.  The  seismic  zoning  in  force  (STAS 
11100/1/1977)  takes  into  account  the  intensity  of  1977  earth 
quake  and  the  historical  data  for  a  period  of  about  500  years. 

The  preparedness  and  execution  of  earthquake  intervention 
are  established  by  the  Law  of  Civil  Defense  (1976) with  addi¬ 
tions  Included  in  Decree  430/1978  of  the  State  Council,  con¬ 
cerning  several  measures  for  the  civil  defense  and  further 
on  detailed  by  the  Decree  of  the  State  Council  no. 140/1978 
concerning  the  organizing  activities  for  the  preparedness, 
limitation  and  removing  of  the  large  proportion  disaster/14/. 

According  to  the  Constitution  of  the  Socialist  Republic 
of  Romania  in  such  cases  a  decree  is  to  be  proclaimed  and  de 
dared  the"necessity  state",  in  the  afflicted  area  as  it  was 
done  in  1977. 

The  suggested  measures  refer  both  to  the  preparedness 
actions  (the  inventory  and  providing  the  intervention  equip¬ 
ment  and  supply  with  whatever  is  necessary  for  that  possible  ' 
intervention)  and  the  real  intervention  actions  for  life  res¬ 
cuing  rehabilitation,  urgent  supplies,  providing  the  opera¬ 
tion  of  the  lifelines  of  public  importance,  medical  essJs- 


tance  for  the  disaster  victims  etc.  /14/. 

This  system  of  juridic  regulations  stipulates  obliga¬ 
tions  and  specific  actions  for  the  state,  civil,  military 
and  community  organizations  under  the  leadership  of  the  De¬ 
fense  Council  of  the  SR R  and  respectively  of  the  guidance  of 
local  defense  councils  and  of  the  ministeries,  enterprises 
and  institutions  on  the  afflicted  territory.  , 

4.3.  Character  And  Nature  Of  The  Preparedness,  Aseismic 
Protection  And  Intervention  Sot:  Lons  In"  Case  Of  ' 
Earthquakes'  Considered  Necessary  In  Romania  ~ 

Based  on  the  experience  gained  in  our  country  in  1977 
and  on  the  information  got  on  a  world  scale,  a  list  of  logical 
successive  operations  may  be  drawn  up  with  a  view  to  assess 
the  level  of  the  seismic  risk  and  to  work  out  measures  for 
an  efficient  response  at  a  future  earthquake.  Practically 
speaking,  for  some  of  these  there  is  not  enough  experience, 
methods  and  data,  so  that  the  priority  research  requirements 
must  be  mentioned  for  each  intervention  action  apart  /2,3,4, 
19/: 

Preparatory  and  organizing  actions 

-  it  has  to  established  tne  dimension  of  the  2one  under 
analysis  (county,  part  of  the  county,  town,  rural  zone  -  eco 
ncauic',  industrial  area,  agricultural  and  industrial  zone.);*" 

-  a  task  group  has  to  be  organized  consisting  in  seis¬ 
mologists,  geologists,  structural  designers,  earthquake  engi 
neering  researchers,  university  staff , central  and  local  ad-*“ 
ministration  staff,  representatives  of  the  industries  and 
other  activities  specific  in  that  zone,  all  of  them  will  co¬ 
operate  or  work  independently,  according  to  the  case. 

Study  and  research  actions 

-the  hypothesis  of  a  seismic  event  ,with  a  significant 
importance  for  the  zone,  is  chosen  (in  specific  cases  1-2 
hypothesis  could  be  chosen  for  additional  seismic  motions 
caused  for  various  sources)  assessing  their  return  periods. 
Note:  Up  to  the  present  moment  such  a  study  was  performed 
for  site  studies  for  the  nuclear  power  stations.  To  analyse 
sites  for  common  structures, simplified  methods  could  be  used 
with  a  proper  precision'  degree  with  no  requirements  for  an 
additional  number  of  data,  difficult  to  be  obtained  at  present 

-  the  basic  seismic  intensity  is  chosen,  considering  the 
transmission  of  seismic  motion  coming  fromlhe  site  source 
under  medium  ground  conditions; 

Note:  for  Vrancea  earthquake  there  is  the  March  4th  1977  re¬ 
cording  got  at  INCERC-Bucharest  and  almost  40  recordings  of 
the  August  31st  1986  earthquake.  It  is  necessary  to  process 
these  data  for  getting  sets  of  artificial  accelerograms  and 
spectra  for  other  sites  etc.  For  preliminary  estimations  only 
intensities  on  the  zoning  map  could  be  used; 

-  a  method  is  to  be  established  for  analysing  the  influ 
ence  of  the  general  and  local  ground  conditions  with  respecT 
to  the  seismic  intensities  and  to  the  characteristics  of  the 
site  movement  and  the  results  are  depicted  on  maps. 

Note:  this  survey  requires  geological  and  local  geotechnical 
3a€a,  drillings,  site  dynamic  measurements,  detailed  calcula 
tion-  etc.  for  which  there  is  experience  only  from  the  stu-"” 
dies  on  nuclear  power  stations.  Simplified  methods  are  requir 
ed  for  being  applied  on  the  usual  building  sites. 


-  it  has  to  be  estimated  what  are  the  specific  effects 
that  may  occur  on  the  relief  on  the  built  or  unbuilt  area 
under  the  foregoing  conditions  and  taking  into  account  the 
existence  of  certain  faults,  grounds  prone  to  liquefaction 
etc; 

Note:  during  the  preliminary  stages  the  effects  could  be 
approximated  based  on  the  experience  of  the  previous  earth¬ 
quakes  in  zones  with  similar  ground  conditions; 

-  a  distribution  of  construction  on  zones  is  achieved 
according  to  intensity  zones  according  to  the  type  ,  age, 
state  and  several  general  resistance  characteristics  of  the 
localities  (zones  taking  into  account  aggravating  or  reliev 
ing  factors? 

Note:  a  checking  list  has  to  be  worked  out  for  the  new  con 
structions  that  can  point  out  the  selective  groups  of  similar 
constructions,  typified  and  eventually  designed  according  to 
the  same  aseismic  design  code  (e.g.  editions  1963,1970,1978) 
existent  in  the  zone; 

-  the  aseismic  resistance  of  existing  structures  is  as¬ 
sessed  as  compared  with  the  level  required  for  the  present 
codes ; 

Note:  the  action  is  very  important.  There  are  various  Ro¬ 

manian  assessing  methods;  INCERC  has  recently  worked  out  a 
project  of  technical  instructions  for  this  matter  with  an 
unitary  approach; 

-  for  constructions  designed  according  to  the  well-known 
codes,  the  computed  level  of  the  relative  aseismic  safety  of 
constructions  and  endowments  is  assessed  comparing  the  ini¬ 
tial  seismic  coefficient  with  the  real  One  stipulated  by  the 
codes  for  the  seismic  zone,  type  of  structure  and  the  res¬ 
pective  importance  degree; 

Note:  this  method  is  suggested  by  INCERC  and  speaking  about 

Romania  it  takes  into  account  that  the  seismic  zoning  under 
went  several  changes  in  1963  and  1977  and  the  seismic  calcu¬ 
lation  code  P.13/1963  was  revised  in  1970,  and  then  was 
strongly  influenced  by  the  calculations  following  the  March 
4th  1977  earthquake  for  the  editions  P100/1978  and  PMO/1981, 
concerning  the  increase  of  the  seismic  coefficients  and  the 
changing  of  the  (b  dynamic  coefficient.  This  method  is  sim¬ 
ply  to  be  applied  with  a  view  to  establish  the  priorities  of 
a  further  detailed  analysis; 

-  the  long-term  degradation  or  in  service  degradation 
levels  can  be  assessed  and  the  possible  reductions  of  the  ini¬ 
tial  level  is  applied? 

Note :  it  is  necessary  to  establish  (according  to  the  in- 
service  behaviour  analysis  of  various  types  of  constructions 
in  various  surrounding  environments;  the  ratio  of  this  time 
degradation  using  graphs  or  coefficients. 

-  it  has  to  be  established  for  each  area  apart,  with  an 
expected  intensity,  the  number  of  exposed  elements  (such  as 
constructions)  that  could  be  damaged  especially  because  of 
the  relative  safety  level  as  compared  with  the  codes  in  force 
and  the  exposed  population; 

Note:  the  correct  evaluation  would  imply  a  convolution  of  the 
the  hazard  ,  vulnerability  and  elements  at  risk,  for  which  we 
do  not  have  at  the  moment  enough  data? 

-  the  number  of  damaging  cases  is  a  computation  instru¬ 
ment  that  should  be  probabilistically  analysed  due  to  the 


random  character  of  the  seismic  motions  There  is  not  a  compu 
tat ion  method  yet,  and  the  experience  of  the  previous  earth¬ 
quakes  is  to  be  taken  into  account  in  proportion  to  the  types 
of  constructions  and  endowments; 

-  a  similar  assessment  is  to  be  performed  on  the  safety 
level  of  the  special  important  networks  taking  into  account 
the  critical  points  and  it  must  be  established  the  site  and 
the  necessary  round  roads  (by-p«*s)» 

Note:  Less  information  and  computation  methods  are  available 
in  this  field.  Few  recent  studies  belong  to  INCERC  specia  - 
lists, namely  Dr.H.Sandi  /22/. 

-  the  possibility  of  a  chain-occurrence  of  certain  nega 
tive  phenomena  is  possible  in  all  fields  of  the  social  and  " 
economical  life  of  the  zone/surveyed  localities  and  specific 
points  are  located; 

Note:  the  experience  of  the  previous  earthquakes  does  not 
provide  enough  information  for  Romania  but  this  does  not  ex¬ 
clude  the  analysis  of  the  future  possibilities  starting  from 
hypotheses  proved  as  true  by  the  experience  of  other  coun¬ 
tries  ; 

-  the  structure  distribution,  physical  condition  oi  the 
endowment,  of  the  intervention  departments, have  to  be  analysed 
in  case  of  earthquake,  and  all  these  are  compared  with  the 
intervention  requirements  as  it  is  revealed  by  the  analyses 
performed  for  each  field  apart  and  described  at  the  foregoing 
paragraphs ; 

Note:  when  the  information  about  the  intervention  require¬ 
ments  are  not  convincing  or  are  no  longer  existent,  the  compa 
rison  will  be  performed  with  one  or  more  hypotheses  of  possi¬ 
ble  effects  under  the  specific  conditions  of  the  zone/or  of 
the  surveyed  locality. 

-  an  analysis  is  to  be  performed  on  the  social-professi 
onal  and  age  structure  of  the  population  in  the  zone  /loca-"" 
lity,  the  interaction  wit-  the  damage  and  possible  effects 
when  earthquake  occurs  in  the  zone,  the  possible  reaction  and 
the  need  for  people  education  and  information  for  the  followin 
ing  intervention  stages  in  the  zone  or  for  the  future  seismic 
events ; 

Note :  various  hypotheses  of  seismic  events  will  be  taken  into 
account  e.g.  a  working  day  ,  a  holiday,  hot-cold  season,  day- 
night  with  the  implications  of  the  daily  movement  (running 
to  and  fro)  to  the  urban  localities  (suttle  work,  commutters) . 

Planning  and  intervention  works 

-  an  inventory  is  done  o i  thlTTntervention  works  that 
can  start  immediately  as  well  as  of  the  studies  and  researches 
necessary  to  clear  up  certain  aspects  and  the  necessary  funds 
and  resources  are  evaluated; 

-  it  has  to  be  nominated  the  administrative  organiza¬ 
tions  that  are  in  charge  according  to  the  legal  regulations 
in  force  and  the  coordinating  authority; 

-  the  necessary  funds  and  resources  are  requested  and 

introduced  in  the  budget  expense  plan  of  the  in-charge  autho 
rities;  "* 

-  a  plan  including  specific  measures  is  to  be  worked  out 
nominating  persons  in  charge  of  various  intervention  actions 
for  removing  the  hazard,  the  dangerous  elements,  the  necessa¬ 
ry  studies  and  researches,  and  terms  of  accomplishments; 
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Note:  this  plan  leads  to  the  cooperation  between  specia  - 
lists,  research,  design,  building  and  administrative  insti¬ 
tutes  and  enterprises  and  requires  important  funds.  The  dis 
tribution  and  establishing  of  priorities  is  a  task  of  high"' 
responsability* as  well  as  the  accomplishing  of  measures 
within  periods  useful  to  the  reduction  of  the  seismic  risk. 

-  the  earthquake  intervention  plans  are  worked  out 
(territorial  and  social-economical  plans) ,  starting  with  a 
steady  state  in  the  hypothesis  of  occurring  a  seismic  event 
in  the  zone, till  the  measures  for  improving  the  situation 
are  aproved  by  the  authorized  organizations  and  are  spread 
for  accomplishment  to  the  institutes  involved  and  for  infor¬ 
mation  to  other  authorized  administrative  institutions  and 
for  the  people's  information.  The  plans  must  stick  to  the 
legislation  concerning  the  avoidance  of  the  effects  of  the 
natural  disasters  and  they  have  to  be  correlated  with  the 
plans  for  the  civil  defense  including  them  in  the  legal 
periodical  actions  and  exercises  as  well  as  the  activites  of 
other  attending  organizations  (Red  Cross,  Patriotic  Guards, 
Civil  Defense  etc . ) . 

Note:  at  present  there  are  no  detailed  examples  for  such  a 
plan  although  the  March  4th  1977  earthquake  experience  may 
be  easily  transferred  into  the  required  operational  documents 
(plans)  with  the  legislation  of  this  field  as  a  general  guide. 

At  the  beginning,  plans  have  to  be  worked  out  with  a 
more  general  character,  their  detailing  will  follow  the  de¬ 
velopment  of  inventory  studies  of  the  elements  at  risk  and 
their  assessment  as  a  consequence  of  the  moderate  earthquake 
effects  that  may  occur  during  that  period. 

At  the  beginning  it  is  very  important  to  raise  the  in¬ 
terest  of  specialists,  administrators,  and  the  involved  ins¬ 
titutions  by  synthetic  and  clear  reports  about  the  state  -of- 
the  -art,  with  examples  from  their  own  experience  and  from  . 
the  international  one, 

5.  CONCLUSIONS 

5.1.  Premises  For  The  Practical  implementation  Of  The 
Suggested  ^Derations  Por  An  fef  fricient  Response 
A^  Earthquake 

The  results  got  from  the  previous  chapters  are  as  follows: 
follows : 

-  the  specific  seismicity  of  the  Vrancea  zone  is  charac¬ 
terized  by  periodical  events  according  to  the  already  known 
statistical  regularities; 

-  following  the  example  of  USSR  and  Bulgaria  etc.  ,  it 
is  necessary  that  the  present  data  concerning  the  seismicity 
of  the  country  should  be  compiled  in  the  form  of  the  seismic 
hazard  maps  in  order  to  obtain  probabilistic  evaluations  at 
a  higher  level; 

-  the  reaction  and  intervention  experience  during  the 
March  4th  1977  was  possible  and  lessons  can  be  used  in  the 
future ; 

-  legislation  concerning  the  applied  measures  in  case  of 
natural  disaster  and  concerning  the  civil  defense  provides 
the  juridical  and  organizing  framework  for  the  preparedness 
of  the  earthquake  response;  the  political-economical  and 
social  organization  of  the  country  is  favourable  to  the  po- 


sitive  joint  reaction. 

-  there  are  several  well-known  technical  and  scientifi- 
cal  operations  useful  for  establishing  the  number  of  elements 
at  risk,  pilot  applications  and  inventories  on  categories  of 
elements  at  seismic  risk  that  are  necessary  with  a  view  to 
get  the  required  experience  and  to  know  the  intervention 
priorities.  In  this  respect,  in  the  field  of  dwelling  con¬ 
structions  of  high  importance  is  to  adopt  unitary  evalua¬ 
tion  instructions  for  the  aseismic  resistance  of  the  existing 
buildings  with  a  view  to  suggest  an  intervention  decision 
adequate  from  the  technical  and  economical  viewpoint.  It  is 
necessary  to  continue  the  studies  and  the  theoretical  and 
applicative  developments  about  the  seismic  risk  assessment. 

-  there  are  proper  design  codes,  standards  and  instruc¬ 
tions  for  the  new  buildings,  but  for  the  strengthening  and 
repairing  works  there  is  a  lack  of  computation  and  assessing 
structures  in  case  they  are  damaged. 

-  specialists  in  the  field,  administrative  staff  and  the 
population  shou.d  be  given  more  detailed  information  with  res 
pect  to  the  earthquake  engineering  preparedness; 

-  there  is  a  number  of  large  towns  in  the  seismic  areas 
next  to  which  important  industrial  platforms  have  been  built. 
This  increase  of  endowments  in  which  the  technological  and 
natural  phenomena  may  combine  in  an  unfavourable  way  (such 

as  the  corrosion  effect,  the  possibility  of  releasing  of 
dangerous  substances  in  case  of  earthquake,  of  blocking  the 
railway  and  road  joints)  justifies  the  performing  of  priority 
studies  and  intervention  plans  in  case  of  earthquake. 

5.2.  The  Proper  Framework  For  The  Suggested  Measures 

Starting  with  the  existing  favourable  premises  and  with 
a  view  to  provide  an  efficient  response  of  the  whole  Romanian 
social-economical  system  at  future  strong  earthquakes,  seve¬ 
ral  measures  are  necessary  in  order  to  obtain  a  full  aseismic 
protection.  These  measures  should  be  achieved  gradually 
through  an  Integrated  National  Programme  For  Preparedness, 
aseismic  Education  and  Intervention  In  Case  Of  Earthquake 
that  could  be  applied  by  the  social  and  economical  institu¬ 
tions  that  could  be  a  useful  guide  especially  to  the  adminis 
tration  staff  and  to  the  specialists  and  population  as  well. 
Studies  in  this  field  have  EierT  recently  started  under  the 
guidance  of  ICCPDG-INCERC .  As  a  consequence  of  several  spe¬ 
cific  elements  analysis,  the  suggested  measures  will  be  re¬ 
gulated  by  instructions,  codes  or  decision  documents  of  the 
authorized  organizations  specialized  on  fields  and  coordina¬ 
ted  on  a  local,  territorial,  domain  and  national  level.  The 
national  program  will  include  both  direct  applicable  mea¬ 
sures  and  researches  that  prove  scientifically  the  measures 
on  domains  when  at  present  there  is  a  lack  of  data,  inter¬ 
vention  measures  or  experience. 

According  to  the  implementation  periods,  measures,  and 
operations  the  followings  will  be  divided  as  such: 

-  permanent  measures; 

-  periodical  measures  (including  measures  for  a  scien¬ 
tifically  prognosticable  earthquake,  if  the  development  of 
seismology  makes  possible  progress  specifically  to  the  terri¬ 
torial  seismicity/  and  measures  during  the  intensified  seismic 
activites; 
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SUMMARY. 

The  1979  earthquake,  the  epicentre  of  which  was  in  Montenegro,  damaged 
several  hundreds  of  old  stone  buildings  in  the  Dubrovnik  area. 

The  article  reviews  the  earthquake  strengthening  of  the  Franciscan  mo¬ 
nastery  of  Rofat  near  Dubrovnik.  The  reinforcement  included  the  monastery 
itself,  the  church  and  the  30  m  belfry.  The  foundations  were  strengthened 
by  a  reinforced  concrete  beam-and-strlnger  grid.  The  wooden  floor  structu¬ 
res  were  replaced  by  solid  reinforced  concrete  slabs.  All  the  walls  were 
strengthened  by  shotcrete  linings  applied  on  one  or  on  both  sides.  A  num¬ 
ber  of  new  concrete  walls  were  added  in  order  to  provide  for  structural  stif¬ 
fening.  The  belfry  is  attached  to  the  building,  and  the  cantilevered  part  was 
substantially  reduced. 

The  effort  has  shown  the  choice  of  structural  interventions  to  be  as 
important  as  earthquake  desing. 


Historical  Survey 

Omnes  morimur  et  quasi  aque  delabimur  in  terra  que  non  revertuntur 
(We  all  die  and  like  the  waters  sink  irreversibly  into  the  earth) 
(Inscription  on  the  stone  plate  in  monastery  cloister,  dated  1543.) 


The  Franciscan  monastery  in  Rofat  (Rijeka  DubrovaCka  near  Dubrovnik) 
was  founded  by  decision  of  the  Dubrovnik  Senate  in  1393.  Because  of  its  di¬ 
lapidated  condition  the  original  building  was  torn  down  and  a  new  monastery 
built  in  1585.  The  latter  has  been  preserved  to  date,  and  Includes  the  chu¬ 
rch  with  a  belfry,  and  the  monastery  proper  with  a  cloister.  The  monastery 
was  built  after  a  Renaissance  plan,  although  some  Gothic  details  and  the 
Gothic  plan  of  the  church  are  related  to  the  original  structure.  The  1667 
earthquake  destroyed  the  church  almost  completely,  and  partly  damaged  the 
monastery  which  could  not  be  used  for  a  time.  Repairs  of  the  monastery  were 
completed  in  1704  with  the  exception  of  one  wing  of  the  cloister.  The* recon¬ 
struction  retained  fully  the  original  layout  of  the  ground  storey,  as  well 
as  all  the  original  details.  This  makes  the  monastery  one  of  the  rare  exam¬ 
ples  where  -  although  the  reconstruction  took  place  during  the  Baroque  -the 
original  details  were  fully  respected.  Today  the  monastery  is  a  historical 
monument  of  category  "0"  and  it  was  included  into  the  first  group  of  nine 
pilot  structures  envisioned  for  reconstruction  within  the  scope  of  the  pro¬ 
gramme  covering  monuments  damaged  by  the  1979  earthquake.  The  preliminary 
surveys  and  design  were  completed  in  1981,  while  actual  work  started  in 
1983  and  was  completed  In  1985,  Part  of  the  monastery  will  continue  to  be 
used  for  its  original  purpose,  while  two  wings  will  accommodate  a  research 
institutions. 


Drafen  Anldid,  Assoc.  Professor,  Institute  of  Civil  Engineering,  Faculty 
of  C.E.  Sciences,  University  of  Zagreb,  P.O.Box  165,  41000  Zagreb,  Yugo¬ 
slavia 


Definition  of  Seismic  Parameters 

The  definition  of  seismic  parameters  implies  the  determination  of  ear¬ 
thquake  intensity  and  magnitude,  eplcentral  zone  distance,  earthquake  return 
period,  maximum  anticipated  acceleration,  and  acceleration  anticipated  over 
a  certain  period  (e.g.,  200  years).  The  seismic  parameters  were  determined 
for  the  old  part  of  Dubrovnik  within  the  scope  of  the  seismic  microzoning 
project.  No  special  seismologlc  surveys  were  carried  out  for  the  site  of  the 
monastery  (which  is  at  about  4  km  from  the  city),  and  the  parameters  esta¬ 
blished  for  the  old  city  were  used  Instead.  Maximum  earthquake  intensity  was 
found  to  amount  to  I=10<>  (MCS  scale),  and  the  corresponding  magnitude  to  M= 
7.0.  The  depth  of  the  earthquake  focus  is  h=l5  km,  and  eplcentral  distance 
D*10  km.  The  maximum  anticipated  acceleration  Is  amax9^*?5  9*  Such  an  ear¬ 
thquake  is  likely  to  occur  once  In  750  years  with  a  50%  chance.  No  attempt 
was  made  to  protect  the  building  for  such  a  long  period.  The  adopted  accep¬ 
table  level  of  protection  assumed  an  earthquake  of  1=9°  MCS  likely  to  occur 
once  in  210  years  with  a  50%  chance.  The  acceleration  for  such  an  earthqua¬ 
ke  is  a=0.375  g,  rounded  off,  for  reasons  of  possible  seismic  amplification 
to  a=0.400  g  because  the  structure  Is  founded  on  a  stratum  of  alluvium  10  m 
thick. 

Geotechnical  Surveys 

Four  test  pits  were  driven  next  to  the  foundations,  and  three  boreho¬ 
les  to  bedrock  next  to  the  structure,  in  order  to  determine  the  form  and 
depth  of  the  foundations,  and  foundation  soil  composition.  The  surveys  in¬ 
dicated  that  the  load-bearing  walls  were  supported  by  foundation  strips  ma¬ 
de  of  stone  bound  by  lime-clay  mortar  the  compr.  strength  of  which  was  es¬ 
timated  at  300-400  N/cm2.  The  depth  of  the  foundations  could  not  be  estab¬ 
lished  because  of  ground  water  close  to  the  surface  (0.5-1 .0  m).  Trial  bo¬ 
rings  established  bedrock  at  the  depth  of  8.5-12.0  m  from  the  surface,  over¬ 
laid  by  roughly  horizontal  strata  of  high  plasticity  clay  (CH),  gravel -cl ay 
(GC),  medium  plasticity  clay  (Cl)  and -the  fill,  in  that  order.  The  natural 
compaction  of  the  material  was  tested  by  a  standard  penetration  test.  Labo¬ 
ratory  tests  were  performed  on  undisturbed  samples,  and  the  permissible  soil 
loading  was  determined,  for  vertical  loading,  as  p=19  N/cm2  for  a  foundation 
depth  of  2.0  m. 

Engineering  Surveys 

Several  boreholes  were  driven  in  the  walls  and  floors  in  order  to  as¬ 
sess  the  strength  of  the  existing  load-bearing  structure.  As  established, the 
walls  are  built  of  semi -dressed  limestone  bound  with  lime  mortar.  Typical 
stone  block  sizes  are  23x28x25  and  21x30x25  cm,  while  the  mortar  joints  are 
0. 5-3.0  cm  thick.  The  thickness  of  the  walls  is  50,  60,  75,  80  and  95  cm. 

The  thicker  walls  Include  three  courses.  The  central  course  is  made  of  bro¬ 
ken  stone  with  lime  mortar,  and  Is  well  filled,  i.e.,  with  negligible  voids. 
Most  of  the  walls  (with  the  exception  of  external  surfaces)  are  rendered 
with  low  quality  mortar.  Assessments  of  the  quality  of  masonry,  and  their 
comparison  with  tests  carried  out  In  situ  on  similar  buildings,  warrant  the 
anticipated  magnitude  of  the  ultimate  main  tensile  stress,  at  the  moment  of 
wall  collapse  due  to  the  action  of  vertical  and  horizontal  forces,  of  Rn= 

18  N/cm2.  n 

Examination  of  the  building  disclosed  1-4  cm  cracks  in  the  load-bearing 
walls,  particularly  along  the  joints  of  vertical  walls.  The  cracks  are  due 
to  earlier  earthquakes  and  uneven  soil  subsidence. 

•  The  floor  structures  In  the  building  consist  of  wooden  beams  spaced  too 
much  in  relation  to  the  span  (730  cm)  and  load,  mainly  worn  out  by  the  acti- 
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on  of  time  and  moisture,  with  permanent  deflections  of  several  centimeters. 
Floor  beams  are  supported  by  the  longitudinal  secondary  beam  which  rests  In 
In  turn  on  small  stone  cantlvelers  protruding  from  the  wall.  This  detail, 
typical  of  old  stone  buildings,  Is  markedly  disadvantageous  because  there 
Is  practically  no  connection  between  the  floor  structures  and  the  walls. The 
cloister,  the  sacristy  and  the  altar  space  are  vaulted  by  groined  and  clois¬ 
ter  vaults,  made  of  stone  of  low  bulk  weight  (1.5  t/m3),  I.e.,  porous  lime¬ 
stone  of  organic  origin  (tufa).  Dangerous  longitudinal  cracks  were  discove¬ 
red  at  the  crowns  of  the  stone  vaults.  The  vaults  were  replaced  on  two  out 
of  three  existing  sides  of  the  square  cloister.  The  columns  in  the  cloister 
presented  cracks  at  their  bases,  while  the  ties  wich  held  them  against  the 
walls  were  completely  worn  out  by  corrosion. 

Before  reconstruction,  the  belfry  presented  a  35  cm  deviation  from  the 
vertical,  due  to  earlier  permanent  deformations  in  the  soil.  The  top  of  the 
belfry,  strengthened  by  horizontal  ties  at  an  earlier  date,  was  also  affec¬ 
ted  by  the  1979  earthquake:  the  columns  of  the  biforlum  were  displaced,  and 
the  octagonal  tambour  and  "cap"  (in  the  form  of  an  octagonal  pyramid)  were 
cracked . 

Principles  Underlying  Earthquake  Strengthening  of  Masonry  Buildings 

The  basic  shortcoming  of  old  masonry  buildings  is  the  poor  connection 
of  the  walls  so  that  each  wall  behaves  Independently  under  the  action  of 
earthquake  forces.  The  walls  bend  in  a  direction  perpendicular  to  their  pla¬ 
ne,  and  are  separated  from  the  floor  beams  which  thereby  easily  lose  their 
support  and  collapse.  Forged  iron  ties,  used  to  connect  the  walls  in  the 
past.  Improved  the  behaviour  of  masonry  buildings  during  an  earthquake;  the¬ 
ir  effect,  however,  depends  on  their  condition  (corrosion!),  and  on  the  gap 
between  the  wal)  and  the  key  of  the  tie.  State  of  the  art  approaches  to  the 
strengthening  of  old  masonry  buildings  require  the  connection  of  walls  by 
horizontally  rigid  floor  structures  so  that  each  wall  is  forced  to  tranfer 
the  forces  in  its  own  plane. 

Because  of  the  geometrical  relations  prevailing  in  buildings  the  walls 
are  mainly  subjected  to  shear  deformations.  The  failure  of  a  wall  unit  sub¬ 
jected  to  permanent  vertical  and  variable  horizontal  loads  occurs  when  the 
tensile  strength  of  the  wall  is  reached  and  when  diagonal  cracks  begin  to 
develop.  Such  a  failure  is  sudden  and  brittle,  while  the  level  of  forces  at 
which  it  occurs  depends  on  wall  quality.  The  ultimate  force  causing  failure 
can  easily  be  computed  if  the  mechanical  properties  of  masonry  and  the  ver¬ 
tical  load  are  known.  If  the  anticipated  seismic  forces  exceed  the  load-be¬ 
aring  capacity  of  the  wall,  it  should  be  strengthened.  This  can  be  done  by 
grouting  -  provided  the  approach  is  feasible.  The  provision  of  reinforced 
concrete  or  reinforced  gunlte  linings  is  considerably  better.  The  lining, 
being  made  of  high  grade  material,  improves  the  ultimate  strength  of  the 
wall,  while  the  reinforcement  makes  it  ductile  after  cracks  have  begun  to 
develop.  New  structural  units  can  also  be  added  as  required,  e.g.,  brick, 
stone  or  concrete  walls. 

The  provision  of  seismic  joints  dividing  a  building  having  an  irregu¬ 
lar  plan  into  several  smaller  and  simple  parts  will  result  in  a  satisfacto¬ 
ry  building  behaviour  during  an  earthquake  which  can  be  covered  by  computa¬ 
tion.  This  can  easily  be  achieved  in  the  construction  of  new  buildings. Inas¬ 
much  as  existing  buildings  are  concerned,  joints  can  be  provided,  although 
this  may  pose  considerable  engineering  difficulties,  but  often  this  will 
not  be  possible  (e.g.,  when  two  parts  of  a  building  share  one  wall). 

The  strengthening  of  the  foundations  by  a  reinforced  concrete  beam-and- 
strlnger  grid  is  aimed  at  achieving  synchronous  building  oscillation  during 
an  earthquake.  New  foundations,  therefore,  do  not  improve  the  capability  of 


vertical  force  transfer;  Instead,  they  provide  for  a  good  connection  of  ex¬ 
isting,  masonry  foundation  strips  In  a  single  horizontal  plane,  like  mono¬ 
lithic  floor  structures  at  higher  building  levels. 

All  these  principles  were  applied  In  the  earthquake  strengthening  of 
the  Franciscan  monastery  in  Roiat,  Dubrovnik  (see  Figures  1-4). 

Earthquake  Strengthening  of  the  Monastery  Building,  the  Church  and 

the  Belfry 

The  strengthening  concept  was  developed  following  the  establishment  of 
seismic  parameters,  and  geotechnical  and  structural  surveys.  The  plan  of  the 
buildlng(s)  Is  very  regular.  The  complex  could  not  be  divided  into  parts 
(monastery  -  church  -  belfry)  because  of  common  walls.  It  was  accordingly 
decided  to  provide  for  a  sound  three-dimensional  connection  of  the  entire 
structure.  At  foundation  level  the  design  provided  for  reinforced  concrete 
strips  laid  next  and  fixed  to  the  existing  foundation  strips.  This  was  achi¬ 
eved  in  two  ways:  if  the  quality  or  the  existing  stone  foundations  was  poor, 
new  foundation  strips  were  placed  on  either  side  of  the  old  foundation  and 
connected  by  cutting  through  the  latter  at  selected  points. 

If  the  old  foundations  were  of  good  quality  and  the  mortar  was  petri¬ 
fied,  they  were  connected  to  the  new  foundations  by  steel  anchors  sunk  into 
the  old  foundations  and  sealed  with  epoxy  resin.  The  anchors  were  also  pro¬ 
tected  from  corrosion. 

Two  wooden  floors  (above  the  ground  and  first  storeys)  were  replaced 
by  20  cm  reinforced  concrete  slabs.  Along  the  supports  the  floor  slabs  were 
connected  to  the  walls  by  1020/ml  steel  anchors.  The  existing  roof  structu¬ 
re  was  replaced  by  a  new  structure. 

Wherever  possible  with  respect  to  conservation  requirements  the  stone 
walls  were  strengthened  by  5  cm  of  reinforced  gunite.  At  points  where  cross 
walls  -  meant  to  connect  the  longitudinal  walls  -  were  lacking  new  15  cm 
reinforced  concrete  walls  were  provided  for.  The  church  could  not  be  inter¬ 
nally  gunited  because  of  its  ornaments;  a  new  floor  slab  was  not  feasible 
either,  and  the  church  was  accordingly  strengthened  by  two  tie  beams  above 
the  walls.  Transversal ly  the  tie  beams  were  connected  by  4  steel  ties  and 
wooden  floor  beams  fixed  by  bolts  to  the  tie  beams. 

Particular  attention  was  paid  to  the  belfry.  Its  lower  part  is  an  in¬ 
tegral  part  of  the  church.  It  was  decided,  therefore,  to  treat  the  upper, 
free  part  as  a  cantilever  fixed  to  the  building  at  the  point  where  the  bel¬ 
fry  enters  the  body  of  the  church.  The  cantilevered  part  was  protected  from 
toppling  by  four  tie  columns  invisible  to  the  observer.  Tensile  forces  are 
assmed  by  the  tie  column  reinforcement,  and  compressive  forces  by  the  sto¬ 
ne  and  concrete  segments  of  the  cross  section.  The  transversal  force  is 
transferred  at  the  anticipated  fixing  point  of  two  walls  situated  at  a  rig¬ 
ht  angle,  l.e.,  the  external  wall  of  the  church  and  the  internal  wall  of 
the  north  -  east  monastery  wing.  The  strengthening  of  the  latter  involved  a 
reinforced  concrete  cantilever  wall  masked  by  a  bilateral  stone  lining.  The 
upper  part  of  the  belfry,  which  had  suffered  considerable  damage  in  the  ear¬ 
thquake,  was  dismantled.  The  stone  columns  and  the  windows  were  rebuilt, 
while  the  octagonal  tambour  and  the  pyramid  were  poured  in  concrete.  Deco¬ 
rative  stone  mouldings  were  anchored  in  the  concrete  by  copper  anchcrs  and 
epoxy  resin. 

Seismic  Calculation 

According  to  Yugoslav  seismic  regulations,  monuments  of  culture  situ¬ 
ated  in  the  9th  seismic  zone  must  be  calculated  by  the  method  of  equivalent 


f 


t 


\ 


I 


•w 

r 


static  forces  for  the  force  level  S=KxG,  where  the  overall  seismic  coeffi¬ 
cient,  K=0.30,  is  determined  as  the  product  of  the  coefficients  K=K0xKsxKpx 
xK<j  =  1.5x0.10x2.0x1.0  =  0.30.  K0  is  the  importance  factor,  Ks  the  seismic 
coefficient,  Kp  the  plasticity  and  damping  coefficient,  and  Kd  the  dynamic 
coefficient.  The  magnitude  KD=2.0  refers  to  masonry  structures  where  a  non- 
ductile  failure  is  anticipated.  If  the  wall  is  strengthened  by  reinforced 
concrete  linings  which  may  provide  for  a  better  ductile  behaviour,  one  may 
assune  Kp=1.3,  and  the  overall  seismic  coefficient  will  then  be  K=0.20. 

The  building  of  the  monastery  was  designed  for  this  load  level.  A  sto¬ 
ne  wall  strengthened  by  a  gunite  lining  on  one  or  both  sides  is  a  composite 
consisting  of  two  materials  of  different  mechanical  properties.  The  distri¬ 
bution  of  the  external  force,  S,  to  the  stone  wall  (indexes  "k")  and  to  the 
concrete  wall  (indexes  "b")  is  obtained  from  the  condition  of  equal  strain 
of  the  wall  unit  -  cantilever,  fixed  at  the  top  and  at  the  bottom  and  sub¬ 
jected  to  the  action  of  the  horizontal  force. 
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These  dependences  are  shown  for  some  common  relations  between  material 
constants  and  masonry  geometry  in  Figure  5-  The  magnitude  "beta"  can  be  de¬ 
termined  experimentally  for  a  specific  case. 

The  distribution  is  significant  for  the  elastic  stage.  After  the  ulti¬ 
mate  tensile  strength  of  the  masonry  and  concrete  lining  has  been  reached, 
the  entire  transversal  force  Is  transfered  by  the  reinforcement.  The  rein¬ 
forcement  is  applied  as  a  welded  mat  with  the  identical  vertical  and  hori¬ 
zontal  wire  spacing  and  with  identical  wire  cross  sections  in  either  direc¬ 
tion.  The  quantity  of  reinforcement  Is  governed  by  the  condition  whereby  the 
ultimate  force  of  nonreinforced  masonry  should  be  assumed  by  the  reinforce¬ 
ment,  the  coefficient  being  K=1.3  with  respect  to  failure.  The  other  formal 
condition  to  be  satisfied  is  fa  -  0.15%. 

Because  of  the  great  length  of  low  monastery  walls,  the  influence  of 
the  bending  moment  has  been  neglected,  and  so  has  that  of  torsion. 

The  belfry  was  designed  for  an  equivalent  seismic  load,  S=0.30  G.  The 
bending  moments  are  tranfered  by  the  reinforcement  of  the  new  tie  columns, 
and  transversal  forces  by  the  existing  stone  structure. 

Implementation  of  Strengthening 

All  the  parties  involved  in  the  monastery  strengthening  project  (the 
Investor,  architect,  structural  engineer,  conservator,  and  contractor] faced 
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numerous  problems  during  its  implementation.  The  problems  were  the  outcome 
of  the  following: 

-  Inaccuracies  in  the  survey  of  the  actual  condition.  Thus,  the  right  an¬ 
gles  shown  in  the  blueprints  turned  out  to  be  different  in  reality; 
considerable  differences  were  also  established  between  the  level  re¬ 
ference  lines  for  floors,  the  cloister  rail,  column  bases  and  the  roof 
cornice. 

-  The  quality  of  the  material  hidden  beneath  the  mortar  often  proved  to 
be  surprisingly  poor.  Some  of  it,  at  the  ground  floor,  was  disintegra¬ 
ted  by  moisture.  The  removal  of  plaster  revealed  old  cracks  in  load- 
bearing  walls. 

-  The  dismantling  of  the  upper  part  if  the  belfry  and  of  two  cloister  wi¬ 
ngs  required  great  care,  the  numbering  of  each  piece,  and  a  logical  se¬ 
quence  of  piece  storage  because  of  later  assembly.  Fissured  stone  moul¬ 
dings  had  to  be  repaired  with  epoxy  resin  to  which  a  stone-coloured  fil¬ 
ler  was  added. 

-  The  removal  of  limestone  deposits  and  fine  cleaning  of  the  capitals,co- 
lumns  and  arches  required  the  services  of  specialist  stone-masons. 

-  The  purpose  of  part  of  the  structure  intended  for  secular  use  was  not 
defined  as  the  work  started;  the  finishing  work  and  installations  were 
not  defined  either. 

-  Archeological  excavations  in  the  cloister  slowed  down  the  work  of  the 
contractors,  and  affected  rainwater  drainage  from  the  cloister.  In  ac¬ 
cordance  with  a  later  decision  the  garden  in  the  cloister  was  replaced 
by  a  stone-paved  area. 

-  The  contractor  was  not  specifically  qualified  for  work  on  a  historical 
monument  and  his  team  had  only  standard  building  construction  experien¬ 
ce.  Hence  his  frequent  decision-making  uncertainty  and  requests  for 
solutions  to  be  provided  by  other  parties. 

-  The  conservators  took  a  long  time  to  take  a  stand  on  specific  issues 
arising  during  reconstruction,  and  slowed  down  the  progress  of  the 
work . 


CONCLUSION 

The  seismic  reconstruction  of  cultural  monuments  requires  special  care 
and  attention.  In  addition  to  structural  requirements,  architectural  and  con¬ 
servation  considerations  also  have  to  be  observed.  The  seismic  calculation 
serves  as  an  orientation,  the  essential  contribution  being  made  by  enginee¬ 
ring  design  meant  to  transform  the  existing  load-bearing  system  into  a  sys¬ 
tem  capable  of  assuming  seismic  loads.  Project  implementation  must  be  pre¬ 
ceded  by  thorough  surveys.  Actual  reconstruction  work  must  be  monitored  con¬ 
tinuously  so  that  all  changes  and  adjustments  can  be  made  without  unneces¬ 
sary  delays. 
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SUMMARY 

Old  masonry  buildings  and  cultural  monuments  are  jeopardized  by  earth¬ 
quakes  more  than  modern  structures.  The  community  is  interested,  for  a  vari¬ 
ety  of  reasons,  in  saving  such  buildings,  the  evidence  of  its  cultural  iden¬ 
tity,  for  future  generations. 

The  paper  presents  the- authors’  research  in  the  field  of  earthquake  re¬ 
sistance  of  masonry  buildings.  The  need  for  preliminary  building  surveys,  ex¬ 
perimental  evidence  on  mechanical  wall  material  properties,  and  interdisci¬ 
plinary  team-work  is  emphasized.  The  behaviour  of  earthquake  strengthened 
and  non- strengthened  buildings  is  discussed  along  with  the  engineering  steps 
for  improving  earthquake  resistance.  Parameter  analyses  have  shown  that  most 
old  buildings  can  be  strengthened  for  earthquake  forces  to  a  level  of  publi¬ 
cly  acceptable  seismic  risk. 

INTRODUCTION 

Seismic  areas  with  a  past  record  of  seven-plus  (MCS)  earthquakes  acco¬ 
unt  for  three-fourths  of  Yugoslav  territory  (Table  1).  Strong  earthquakes 
which  have  hit  this  area  have  brought  about  the  destruction  of  a  number  of 
ancient  and  medieval  settlements,  some  of  which  have  since  been  abandoned, 
while  others,  following  reconstruction,  still  serve  the  original  purpose. 

Over  the  past  twenty-odd  years, -a  peridd  of  more  pronounced  seismic  activi¬ 
ty  in  Yugoslavia,  earthquakes  have  also  hit  cultural  monuments,  and  old  ur¬ 
ban  and  rural  complexes,  evidence  of  national  cultural  identity.  Thus,  many 
monuments  have  been  completely  destroyed  although  the  methods  of  monument 
strengthening  are  known. 

Old  buildings  are  subject  to  damage  due  to  the  action  of  strong  earth¬ 
quakes  for  three  reasons:  first,  old  settlements  are  laid  out  along,  or  clo¬ 
se  to,  active  tectonic  faults  where  earthquake  action  is  usually  the  stron¬ 
gest.  Second,  such  buildings  have  a  low  earthquake  resistance.  Although  the 
layout  of  load-bearing  walls,  in  terms  of  plan,  is  mainly  adequate,  and  alt¬ 
hough  such  buildings  do  not  exceed  five  storeys,  their  weakness  is  to  be  fo¬ 
und  in  an  inadequate  connection  of  the  walls,  rather  low  quality  of  material, 
and  multiple  recostructions  during  the  life  of  the  building.  All  this,  along 
with  poor  maintenance,  makes  the  earthquake  a  factor  which  enhances  all  short 
comings  at  once.  The  third  reason  is  related  to  foundation  soil  which  may 
show  a  tendency  to  subsidence,  sliding  or  liquefaction  during  an  earthquake; 
along  with  inadequate  foundations,  this  may  severely  jeopardize  the  building. 

One  of  the  questions  which  is  regularly  raised  when  the  reconstruction 
of  old  sxtlements  and  individual  cultural  monuments  is  concerned  is  the  fol¬ 
lowing:  after  the  earthquake,  can  old  damaged  buildings  be  strengthened  so 
as  to  be  capable  of  "surviving"  future  earthquakes  without  major  consequen¬ 
ces?  This  point  is  associated  with  two  follow-up  questions:  Can  dwellers  of 
old  buildings  enjoy  the  same  degree  of  earthquake  protection  as  dwellers  of 
new  buildings  erected  on  the  basis  of  state-of-the-art  earthquake  engineer- 
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ing  knowledge?  How  to  strengthen  existing  buildings  for  the  action  of  a  fu¬ 
ture  earthquake? 

The  experience  acquired  after  the  1976  Friuli  earthquake,  which  affec¬ 
ted  both  Yugoslav  and  Italian  territory,  has  shown  that  "cosmetic"  repairs 
of  damage,  based  on  the  hypothesis  that  there  would  be  no  more  earthquakes, 
are  useless  and  a  waste  of  time  and  money.  After-shocks  or  a  new  earthquake 
again  lay  bare  the  shortcomings  of  such  buildings,  and  damage  it  severely 
or  destroy  It.  Mien  reconstructing  a  cultural  monument  or  an  urban  complex 
earthquake  safety  must  be  observed  along  with  architectural  and  conservation 
considerations.  If  only  the  latter  are  taken  into  account,  we  shall  be  re¬ 
duced  to  the  role  of  helpless  observers  of  severe  damage  wrought  by  a  new 
earthquake. 

According  to  the  Law  on  the  Protection  of  Cultural  Monuments  of  the  So¬ 
cialist  Republic  of  Croatia  (24),  the  category  of  cultural  monuments  inclu¬ 
des  "all  stationary  and  mobile  assets,  and  groups  of  assets,  which,  because 
of  their  archeological,  historical,  sociological,  ethnographic,  artistic, 
architectural,  town  planning,  engineering,  and  generally  scientific  or  cul¬ 
tural  value,  are  of  significance  to  the  community." 

Like  all  other  artefacts,  monuments  also  suffer  from  gradual  wear  and 
destruction  over  time.  The  underlying  causes  may  be  attributed  to  human  ac¬ 
tivity  or  to  the  action  of  natural  forces. 

All  modern  communities  try  to  save  their  cultural  monuments  and  protect 
them  from  deterioration  because  they  are  part  and  parcel  of  their  national 
Identity.  Accordingly,  the  protection  of  monuments  may  not  be  discussed  in 
market  and  economic  terras.  There  is  no  way  of  accurately  determining  the 
monetary  value  of  an  old  building.  The  same  holds  good  for  any  attempt  to 
determine  the  higher  value  of  a  reconstructed  building.  Reconstructions  al¬ 
ways  yield  new  archeological,  historical,  art  and  other  knowledge,  and  every 
reconstruction  project,  therefore,  marks  not  only  a  step  forward  in  the  ap¬ 
plication  of  engineering  techniques  but  also  contributes  to  other  levels  of 
knowledge.  Major  cultural  monuments  are  invaluable  because  their  loss  cannot 
be  made  up  for. 

Present-day  monument  protection  practices  are  based  on  principles  laid 
down  in  a  number  of  documents  adopted  over  the  past  fifty  years  (8),  such 
as  the  Athens  Charter  (1931),  the  Italian  Charter  (1932),  the  Venetian  Char¬ 
ter  (1964),  the  Amsterdam  Declaration  (1975),  etc.  The  UNESCO  has  also  adop¬ 
ted  a  nuraCar  of  conventions  on  cultural  monuments,  e.g.  the  Hague  Convention 
on  the  Protection  of  Cultural  Treasures  in  Case  of  Armed  Conflict  (1954), the 
Convention  on  Prohibiting  and  Preventing  the  Illicit  Import,  Export  and  Tran 
sfer  of  Cultural  Assets  (Paris,  1970),  and  the  Convention  on  the  Protection 
of  the  World  Cultural  and  Natural  Heritage  (Paris,  1972).  The  principles  go¬ 
verning  protection  and  applied  In  these  documents  are  based  on  cultural -hi¬ 
storical  and  artistic  rather  than  on  design  and  engineering  criteria.  They 
discuss  concepts  such  as  conservation,  restoration,  consolidation,  anastylo- 
sis  (the  reconstruction  of  a  monument  from  Its  parts),  renovation,  the  need 
to  preserve  the  historical  environment  and  authenticity.  Structural  engine¬ 
ering  is  only  a  tool  for  the  achievement  of  cultural  and  historical  goals. 

RECONSTRUCTION  AND  SOCIO-ECONOMIC  CONSIDERATIONS 

The  reconstruction  of  monuments  and  old  urban  nuclei  is  aimed  primari¬ 
ly  at  their  preservation  and  the  improvement  of  living  conditions  of  their 
inhabitants.  Housing  standards  being  generally  low  in  old  buildings,  the 
Introduction  of  new  facilities  (water  supply,  heating,  electrical  and  gas 
supply  Installations,  bathrooms,  protection  from  humidity  and  heat)  tend  to 
Improve  such  standards.  At  the  same  time  the  monumental  value  of  the  buil¬ 
ding  has  to  be  preserved,  and  parts  of  It  made  accessible  to  the  public. 


Estimates  and  experience  have  shown  the  cost  of  reconstruction  of  an  old  bu¬ 
ilding  to  be  equal  to  the  cost  of  construction  of  a  new  building.  In  other 
words,  the  reconstruction  of  old  buildings  implies  major  public  expenditu¬ 
res.  This  is  why  reconstruction  is  considered  primarily  in  cases  when  old 
buildings  and  towns  are  to  be  revitalized,  and  cultural  and  historical  com¬ 
plexes  thus  protected  from  deterioration. 

Protection  from  earthquake  action  is  part  of  the  broader  scope  of  old 
building  reconstruction.  Absolute  seismic  safety  cannot  be  achieved,  whether 
the  building  is  old  or  new,  and  the  level  of  acceptable  seismic  risk  is  dis-  „ 
cussed  accordingly.  The  community  should  be  aware  of  the  fact  that  cultural 
monuments  also  have  a  limited  life,  that  they  also  "die"  and  that  an  earthqu¬ 
ake  is  only  one  of  the  factors  contributing  to  the  process.  The  degree  of  da¬ 
mage  on  a  building  strengthened  for  earthquake  action  is  inversely  proporti¬ 
onal  to  the  investment  into  such  strengthening,  whereby  the  latter  depends 
on  the  economic  potential  and  willingness  of  the  community.  This  is  what  ma¬ 
kes  seismic  risk  not  only  an  engineering  but  also  an  economic  category. 

The  publicly  acceptable  level  of  seismic  risk  is  reflected  by  building 
construction  codes  and  regulations.  Yugoslav  regulations  for  building  cons¬ 
truction  in  seismic  areas  make  no  mention  whatsoever  of  old  buildings.  The 
previous,  1964  seismic  code  included  a  provision  (paragraph  8)  regarding  the 
subject  under  consideration.  Because  of  its  clarity,  it  is  as  applicable  to¬ 
day  as  it  was  twenty  years  ago:  "if  substantial  changes  are  made  in  the  lo¬ 
ad-bearing  structure  the  building  shall  meet  the  requirements  laid  down  in 
the  regulations  in  all  respects;  if  no  substantial  changes  of  the  load-bea¬ 
ring  structure  are  being  envisaged,  evidence  shall  be  provided  that  the  ear¬ 
thquake  resistance  of  the  building  following  its  reconstruction  shall  be  at 
least  equal  to  its  earthquake  resistance  prior  to  such  reconstruction”.  In 
the  case  of  old  buildings,  earthquake  resistance  can  also  be  improved  by 
structural  improvements  of  a  more  limited  scope,  e.g.,  by  connecting  the 
walls  with  ties,  by  adding  tie  beams  at  wall  top  level,  or  by  reconstruct¬ 
ing  the  roof  structure,  even  if  the  building  as  a  whole  need  not  meet,  af¬ 
ter  such  operations,  the  formal  requirements  of  the  regulations  (storey  hei¬ 
ght,  wall  layout,  floor  structures,  etc.).  Such  decisions  do  not  rest  only 
with  the  design  engineers  butalso  with  the  bodies  representing  the  interes¬ 
ts  of  the  community  (municipal  building  construction  boards,  monument  conse¬ 
rvation  departments,  etc.).  Such  partial  interventions  equate  the  degree  of 
seismic  risk  for  new  and  old  parts  of  a  settlement. 

Interest  in  the  reconstruction  of  old  urban  complexes  first  developed, 
for  a  variety  of  reasons,  in  countries  situated  in  non-seismic  areas  (Pol¬ 
and,  West  Germany,  Austria),  to  become  subsequently  a  world-wide  movement. 

A  number  of  old  urban  and  rural  complexes  have  also  been  reconstructed  in 
Yugoslavia  (Skopje,  Ba§-Car$1ja  in  Sarajevo,  Breginj,  Ljubljana,  Varaidin, 
Kotor,  Budva,  Dubrovnik).  In  recent  years  the  Yugoslav  community  has  been 
paying  considerable  attention  to  earthquake  resistance  of  old  buildings,  as 
reported  at  several  national  and  International  meetings  (1,  2,  3,  8,  11,  13, 
14,  15,  19,  20,  21).  The  international  UNDP-UNIDO  Project,  Building  Constru¬ 
ction  Under  Seismic  Conditions  In  the  Balkan  Region,  also  Involved  the  pre¬ 
paration  of  a  manual  for  protecting  cultural  monuments  and  urban  complexes 
from  earthquakes  which  included  contributions  by  Yugoslav  experts  as  well 


PRELIMINARY  SURVEYS 

In  structural  engineering  terms  the  strengthening  of  a  cultural  monu¬ 
ment  Is  based.  In  principle,  on  maintaining  or  achieving  safety  with  regard 
to  the  action  of  external  forces  affecting  the  monument.  Whereas  a  new 
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building  Is  being  "shaped"  during  design,  a  monument  presents  an  already  fi¬ 
nished  form  requiring  the  definition  of  Its  safety.  Its  weak  points,  and 
strengthening  points  and  methods.  In  most  cases  monuments  are  built  of  ma¬ 
terials  of  unknown  physico-mechanlcal  properties,  implying  that  the  charac¬ 
teristics  of  materials  used  In  the  calculations  are  not  sufficiently  reliab¬ 
le.  The  inner  structure  of  the  material  of  which  the  monument  Is  built  may 
be  affected  by  the  action  of  natural  forces  or  by  human  action  but  neet  not 
be  externally  visible  to  the  observer.  This  is  why  the  design  of  strengthe¬ 
ning  for  a  monument  necessitates  extensive  preliminary  surveys  (2),  (4), (13), 
required  to  appreciate  the  current  load-bearing  scheme  of  the  monument,  to 
assess  and  test  the  quality  of  materials,  to  record  the  damage  (cracks,  sub¬ 
sidence,  wear),  and  to  obtain  an  idea  of  the  required  strengthening  steps. 

The  implementation  of  such  preliminary  surveys  is  often  hindered  by  the  use 
of  the  structure  and  by  the  lack  of  a  substitute  space  for  its  functioning 
and  its  users.  A  strengthening  design  based  on  inadequate  surveys  will  suf¬ 
fer  numerous  changes  during  actual  work. 

Surveys  related  to  the  historical  and  archeological  aspects  of  the  mo¬ 
nument  are  of  special  significance.  In  terms  of  space  and  time  they  may  be 
performed  either  simultaneously  with  structural  surveys  or  separately  in 
consideration  of  the  different  objectives.  Such  surveys  will  expand  the  sco¬ 
pe  of  knowledge  of  the  moninent  and  thereby  influence  design  work.  This  part 
of  overall  survey  work  involves  the  participation  of  experts  of  different 
backgrounds  (art  historians,  archeologists,  restoration  specialists),  each 
with  a  specific  vision  of  the  future  function  and  appearance  of  the  monument. 

Preliminary  surveys  also  include  the  architectural  survey  of  the  actual 
condition.  The  plans  produced  by  such  a  survey  may  provide  data  on  geometri¬ 
cal  relations  within  the  structure  and  serve  therefore  as  the  basis  for  st¬ 
rengthening  design. 

* 

CLASSIFICATION  of  reconstruction  methods  and  damage 

The  scope  of  reconstruction  of  a  monument  may  vary  depending  upon  the 
requirements,  future  function  and  available  funding  (11),  (12). 

Repairs  are  considered  to  include  all  actions  which  do  not  involve  the 
load-bearing  units  of  the  structure,  and  refer  to  correcting  external  defec¬ 
ts  on  non- load -bearing  units.  This  category  would  thus  include  repairs  of  da¬ 
maged  partition  walls,  claddings,  facings,  facades,  wall  and  ceiling  plaster, 
and  all  installations.  In  addition  to  the  esthetic  impression  such  repairs 
also  produce  a  positive  psychological  effect  on  the  staff  and  users  of  the 
monument.  In  terms  of  Improving  earthquake  resistance,  however,  the  effect 
of  repairs  is  nil. 

Reconstructions  Imply  operations  involving  the  damaged  load-bearing  sy¬ 
stem  and  focused  on  re-establishing  strength,  stiffness  and  overall  safety 
conditions  such  as  prevailed  prior  to  damage. 

Strengthening  Implies  the  reconstruction  of  the  load-bearing  system  me¬ 
ant  to  improve  its  load-bearing  capacity  by  available  methods  to  the  level 
provided  for  in  current  requirements  (e.g.  building  construction  codes). 

The, term  "remedial  steps"  covers  all  the  three  categories  listed  above 
and  Includes,  in  addition  to  structural  work,  architectural  and  cultural-hi¬ 
storical  reconstruction  aspects. 

The  following  three  categories  of  work  have  to  be  Implemented  during  re¬ 
construction  and  strengthening  of  a  monument: 

-  reconstruction  or  strengthening  of  Individual  load-bearing  units 
(walls,  columns,  floors,  foundations); 

-  reconstruction  or  strengthening  of  connections  (joints)  between 
units; 
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-  reconstruction  or  strengthening  of  three-dimensional  stiffness  meant 
to  improve  the  overall  strength  of  the  monument  and  providing  for  the 
redistribution  of  external  impacts  to  individual  load-bearing  units. 

The  classification  of  damage  may  be  local  -  referring  to  individual 
load-bearing  units,  and  general  -  referring  to  the  monument  as  a  whole. Both 
local  and  general  damage  classifications  are  an  integral  part  of  survey  wo¬ 
rk  within  the  scope  of  long-term  planned  renovation. 

Local  damage  may  be  harmless,  i.e.,  it  need  not  require  substantial  in¬ 
terventions;  Or  dangerous.  In  the  latter  case  provisional  strengthening  ste¬ 
ps  are  required  without  any  delay.  The  record  of  damage  should  preferably 
include  the  estimated  underlying  cause  because  its  elimination  will  consti¬ 
tute  one  of  the  objectives  of  the  renovation  effort. 

The  classification  of  damage  Involving  the  assessment  of  the  overall 
condition  of  the  monument  is  usually  performed  after  a  major  earthquake  af¬ 
fecting  a  region  and  a  considerable  number  of  monumental  assets.  By  using  a 
standard  methodology  (23)  applying  to  all  types  of  buildings,  damaged  monu¬ 
ments  are  divided  into  6  categories  marked  green,  yellow  or  red.  The  cate¬ 
gorization  of  damage  is  equally  applicable  to  "ordinary"  buildings  and  to 
monuments.  The  form  for  damage  recording  is  not  covered  by  (23);  however, 
following  the  1979  Montenegro  earthquake  a  form  has  been  Introduced  for  re¬ 
cording  damage  to  monuments  which  can  also  be  used  for  other  buildings.  The 
overall  classification  of  damage  is  performed  visually  by  a  commission. 

MONUMENT  RENOVATION  -  A  TEAM  EFFORT 

The  process  of  monument  renovation  involves  at  least  four  groups  of  ex¬ 
perts  advocating  different  Interests. 

The  Interest  of  the  investor  -  the  present  or  future  user,  or  the  orga¬ 
nization  entrusted  with  the  renovation  project  -  is  focused  on  achieving  the 
maximum  effect  in  terms  of  future  function  and  benefit  at  a  minimum  cost. In 
Yugoslavia  such  organizations  lack  the  reowireo  specific  expertise  and,  the¬ 
refore,  engage  the  services  of  experts  for  ■o'xaaent  renovation. 

The  architect  is  responsible  for  adjusting  the  building  to  modern  stan¬ 
dards  of  its  use.  He  will  be  involved  in  the  definition  of  the  design  brief 
in  cooperation  with  the  Investor,  in  the  coordination  of  the  requirements  of 
all  participants  in  the  renovation  process,  and  in  the  preparation  of  the 
preliminary  and  final  design.  The  work  of  the  architect  is  limited  by  the 
existing  bulk  and  by  the  constraints  Imposed  by  engineering,  conservation 
and  regulatory  requirements. 

The  stuctural  engineer  is  responsible  for  strengthening  the  load-bea¬ 
ring  structure  of  the  building  by  using  knowledge  of  its  resistance  (as  ob¬ 
tained  by  the  preliminary  surveys)  and  applying  the  loads  imposed  by  Its  new 
function.  All  strengthening  and  new  structural  units  must  be  agreed  with  the 
architect  and  the  conservator. 

The  conservator  is  responsible  for  protecting  all  values  vital  to  the 
existence  of  the  monument.  He  shall  andeavour  to  analyze  and  report  all  new 
aspects  unveiled  by  preliminary  surveys,  and  provide  conservation  guidelines 
Indicating  -  to  the  architect  and  structural  engineer  -  all  units  which  must 
not  be  altered  as  well  as  those  where  changes  are  permissible  to  a  greater 
or  lesser  extent  (evaluation  of  the  monument  in  conservation  terms).  The 
conservation  effort  combines  a  number  of  concerns  related  to  archeology.his- 
tory  of  art,  restoration,  paintings  and  frescoes,  ethnology,  environmental 
protection,  etc. 
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The  coordination  of  the  views  of  these  four  groups  of  experts  is  essen¬ 
tial  t»  tiie  renovation  design  and  to  the  actual  renovation  of  the  monument. 
Team  wrk  is  required  In  order  to  arrive  at  a  generally  acceptable  solution. 
The  saccess  of  the  team  will  hinge  upon  the  competence  of  the  experts  invol¬ 
ved,  tie  clarity  of  their  views,  their  knowledge  of  state  of  the  art  methods, 
and  sufficient  flexibility  with  regard  to  the  requirements  of  other  members 
of  the  team.  Owing  to  many  of  their  features  monuments  are  not  easily  recon¬ 
ciled  to  current  regulations.  Any  forceful  adjustment  of  the  monument  to  be 
renovated  to  such  regulations  may  also  destroy  its  value.  This  is  why  depar¬ 
tures  from  regulations  reducing  safety  should  be  distinguished  from  departu¬ 
res  related  to  the  comfort  of  use. 

BEHAVIOUR  OF  OLD  MASONRY  BUILDINGS  DURING  AN  EARTHQUAKE 

Knowledge  of  the  shortcomings  of  old  buildings  and  of  their  behaviour 
during  an  earthquake  is  required  In  order  to  appreciate  the  principles  of 
their  earthquake  strengthening  (5,6,7). 

A  masonry  building  Is  basically  a  space  frame,  box-type  structure.  If 
the  building  is  to  behave  three-dimensional ly  during  an  earthquake,  some  re¬ 
quirements  have  to  be  met  with  regard  to  the  horizontal  layout  of  Its  walls 
and  their  connections.  Damage  observed  after  the  earthquake  and  tests  of  ma¬ 
sonry  building  models  on  shaking  tables  have  shown  that  the  oscillation  of 
the  building  as  a  whole  depends  substantially  on  the  level  of  wall  connec¬ 
tion  at  floor  level. 

In  buildings  with  unconnected  walls,  and  wooden  floor  structures  which 
are  just  laid  and  not  connected  to  the. walls,  the  walls  will  separate  and 
cracks  will  develop  along  vertical  joints.  The  cracks  are  due  to  the  bend¬ 
ing  of  the  walls  outside  their  own  plane,  and  to  the  inadequate  tensile  and 
shear  strength  of  the  vertical  wall  joint  along  the  two  orthogonal  axes .The 
oscillation  of  the  walls  is  not  harmonious,  and  external  walls  often  collao- 
se  (Fig.  1a,b). 

If  the  walls  are  connected,  during  an  earthquake  they  have  to  oscillate 
together,  harmoniously.  The  behaviour  of  the  building  Is  better,  although 
the  Influence  of  wall  bending  (outside  their  own  plane)  Is  still  considera¬ 
ble  because  of  the  wooden  floors  (Fig.  1c). 

The  inherent  seismic  resistance  of  the  building  will  be  used  to  full 
advantage  only  by  connecting  the  walls  with  ties  and  solid  floors.  The  wal¬ 
ls  will  then  oscillate  harmoniously,  while  the  Influence  of  wall  bending 
will  be  reduced  to  the  minimum  because  the  walls  will  now  be  supported  along 
all  the  four  edges  (Fig.  Id).  The  forces  of  inertia  which  develop  during  an 
earthquake  deform  the  building.  The  window  piers,  which  transfer  all  the  for¬ 
ces,  are  the  most  susceptible.  The  most  frequent  damage  suffered  by  window 
piers  are  X-cracks  due  to  the  action  of  main  tensile  forces.  When  the  ten¬ 
sile  bending  strength  Is  exceeded,  cracks  will  develop  around  the  openings 
and  wall  joints  (Fig.  2). 

The  perlbd  of  the  basic  oscillation  mode  of  masonry  buildings,  which 
are  markedly  stiff  structures.  Is  regularly  less  than  0.3  and,  therefore, 
falls  within  the  highest  acceleration  spectrum  values  of  most  earthquakes 
recorded  so  far. 

Detailed  analyses  of  the  behaviour  of  masonry  building  models  tested 
on  the  shaking  table  (6,7)  Indicate  a  markedly  nonlinear  behaviour,  a  sub¬ 
stantial  Increase  of  the  base  period  of  oscillation,  and  the  capability  of 
energy  absorption  when  structural  steps  providing  for  ductility  are  applied 
(tie  beams  or  columns,  horizontal  reinforcement). 


ENGINEERING  STEPS  FOR  INCREASING  THE  EARTHQUAKE  RESISTANCE  OF  OLD 

MASONRY  BUILDINGS 

If  the  principles  of  old  building  behaviour  during  an  earthquake  are 
known,  one  can  decide  which  engineering  action  to  take  in  order  to  Improve 
the  earthquake  resistance  of  such  buildings.  The  decision  will  depend  on  the 
configuration  of  the  building,  on  the  quality  of  the  material  of  which  it 
was  built,  on  the  desired  level  of  earthquake  protection,  and  on  the  locati¬ 
on  of  the  building  with  respect  to  the  possible  epicentre..  The  decision  re¬ 
garding  the  strengthening  approach  will  require  computation  with  inputs  ba¬ 
sed  on  experimentally  established  mechanical  properties  of  the  materials 
(masonry) . 

The  experimental  part  of  the  effort  may  be  performed  either  in  the  fi¬ 
eld  or  in  the  laboratory.  Knowledge  of  actual  mechanical  properties  of  the 
material(s)  will  reduce  the  required  Intervention  to  a  reasonable  scope  and, 
at  the  same  time,  take  advantage  of  the  available  load-bearing  capacity  of 
the  existing  structure.  Such  "engineering  surveys"  will  not  be  conducted  for 
each  building  but,  rather ,on  types  of  masonry  typical  of  a  number  of  buildin¬ 
gs  within  the  urban  nuclei.  Slmilary,  the  envisioned  strengthening  steps  will 
be  checked  experimentally,  in  the  laboratory,  only  once  (e.g.,  the  effect  of 
crack  grouting,  guniting,  reinforcement,  etc.),  and  the  results  will  be  used 
in  design. 

The  detailed  presentation  of  all  available  steps  for  the  strengthening 
of  old  buildings  would  be  beyond  the  scope  of  this  paper.  This  has  already 
been  done  in  a  number  of  earlier  papers  (9),  (10),  (22),  etc.  Generally  spea¬ 
king,  one  should  analyze  the  shortcomings  of  individual  structural  parts  of 
the  building  with  respect  to  the  action  of  earthquake  forces,  and  select  an 
acceptable  strengthening  method. 

Thus,  foundations  can  be  strengthened  by  reinforced  concrete  strips  laid 
along  the  existing  masonry  foundations,  so  as  to  create,  already  at  foundati¬ 
on  level,  a  grillage  providing  for  the  synchronous  movement  of  individual  pa¬ 
rts  of  the  building  and  constituting  the  groundwork  of  a  "rigid  box"  into 
which  we  want  to  turn  the  strengthened  building. 

As  far  as  walls  are  concerned,  vertical  continuity  should  be  establis¬ 
hed  first.  Walls  which  were  obviously  removed  during  the  use  life  of  the  bu¬ 
ilding  should  be  rebuilt,  and  all  unnecessary  openings  and  weak  points  which 
reduce  the  earthquake  resistance  of  the  masonry  walled  up.  Walls  should  next 
be  connected  so  as  to  take  advantage  of  their  load-bearing  capacity  in  their 
own  plane.  This  can  be  achieved  by  incorporating  steel  ties  on  top  or  under¬ 
neath  the  mortar,  by  anchoring  wooden  beams  to  the  walls  (by  steel  ties),  by 
Increasing  the  stiffness  of  wooden  floors  through  the  incorporation  of  cross 
bracing  or  bilateral  wooden  formwork  placed  at  an  angle,  by  providing  a  new, 
monolithic  floor  structure  above  or  Instead  of  the  wooden  floor,  etc.  Several 
methods,  some  of  which  have  not  been  fully  checked  experimentally,  are  availa¬ 
ble  for  wall  strengthening.  Cracks  in  a  brick  wall  can  be  grouted  with  a  ce¬ 
ment  suspension,  although  this  does  not  substantially  increase  the  load-bea¬ 
ring  capacity  with  respect  to  horizontal  forces.  The  walls  can  bilaterally  be 
strengthened  by  cement  mortar  (3  cm)  with  reinforcement,  or  gunite  (5-7  cm) 
and  reinforcement;  the  wall  load-bearing  capacity  for  the  action  of  horizon¬ 
tal  forces  can  be  Improved  by  vertical  prestressing  (5,14,19). 

Roof  structures  are  Improved  so  that  they  no  longer  transfer  horizontal 
forces  to  the  walls;  if  worn  out,  they  are  replaced  by  new  wooden  structures. 

MATHEMATICAL  ANALYSES 

The  direct  result  of  experimental  and  analytical  work  is  the  mathemati¬ 
cal  method  for  checking  the  earthquake  resistance  of  masonry  buildings  deve¬ 
loped  at  ZRMK,  Ljubljana  (17).  Essentially,  the  computation  Is  based  on  the 
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limit  state  method  and  uses  the  SREMB  program  (Seismic  Resistance  of  Masonry 
Buildings),  taking  Into  consideration  experimentally  established  material 
properties.  Following  the  1976  Friuli  earthquake,  Itallen  regional  authori¬ 
ties  have  adopted  the  method  as  mandatory  In  the  design  of  masonry  building 
reconstruction.  A  similar  program  adapted  for  a  microcomputer  (e.g., SHARP 
PC-1500  with  a  11.5  kb  core  store)  has  been  developed  by  the  Civil  Engine¬ 
ering  Instltue,  Zagreb,  and  applied  to  several  cases  in  Montenegro  (16). 

Table  2  reviews  the  results  of  parameter  analyses  concerning 'the  earth¬ 
quake  resistance  of  old  masonry  buildings,  performed  in  order  to  highlight 
their  possible  earthquake  strengthening.  The  computation  has  considered  ex¬ 
perimentally  established  values  for  mechanical  properties  of  walls,  divided 
into  four  categories: 

Category  I  -  three-course  wall,  undressed  stone,  lean  lime  mortar  mixed 
with  clay;  not  plastered. 

Categori  11  -  three-course  wall,  undressed  stone,  lime  mortar  with  clean 
sand;  not  plastered. 

Category  III  -  three-course  wall,  roughly  dressed  stone,  lime  mortar  with 
clean  sand;  plastered  with  cement-lime  mortar. 

Category  IV  -  three-course  wall,  roughly  dressed  stone,  lime  mortar  with 
clean  sand;  plastered  with  cement-lime  mortar.  Grouted  after 
earthquake  damage. 

•  In  Table  2  the  earthquake  resistance  of  the  building  is  expressed  in 
terms  of  the  ratio  of  the  ultimate  horizontal  force  which  the  building  can 
transfer  at  the  moment  of  collapse  to  the  building  weight,  i.e., 

K$  -  Hy/G 

If  the  actual  seismic  load  affecting  a  building  during  an  earthquake  is 
taken  into  account,  it  becomes  clear  why  old  buildings  suffer  damage  already 
during  earthquakes  of  moderate  intensity  (degree  VI  and  VII),  and  are  seve¬ 
rely  damaged  or  demolished  by  strong  earthquakes  (degree  VIII  and  IX).  Table 
2  also  warrants  the  conclusion  that  strengthening  steps  can  improve  the  ear¬ 
thquake  resistance  of  old  buildings  to  the  point  of  obtaining  a  satisfactory 
resistance  even  during  the  strongest  earthquakes. 

CONCLUSION 

Cultural  monuments  and  old  urban  nuclei  are  jeopardized  by  possible  ear¬ 
thquake  effects  more  than  modern  buildings.  The  community  is  interested  in 
their  reconstruction  and  preservation  for  future  generations  owing  to  a  vari¬ 
ety  of  reasons.  Past  studies  have  provided  knowledge  of  the  behaviour  of  such 
assets  during  earthquakes,  established  the  basic  mechanical  properties  of  the 
material,  and  developed  a  number  of  computation  methods.  Thanks  to  such  effor¬ 
ts  even  old  buildings  can  be  new  protected  from  earthquake  effects  to  the  le¬ 
vel  of  risk  publicly  accepted  for  other  buildings. 

The  reconstruction  of  cultural  monuments  and  old  urban  nuclei  is  a  long¬ 
term  national  effort,  and  in  the  future  It  will  require  the  involvement  of 
numerous  experts.  The  structural  engineers  will  also  provide  a  contribution 
to  the  effort. 
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TABLE  1.  Areas  of  Yugoslav  seismic  zones 

Source:  Provisional  seismic  map  of  Yugoslavia  (Off.  Gazette,  49, 
1982} 


Intensity,  MCS  Area  in  sq.km.  Area  in  % 

Scale 


5° 

5000 

1.9 

6° 

66900 

25.2 

7° 

125650 

47.3 

8° 

51600 

19.5 

9° 

15050 

5.7 

10° 

1000 

0.4 

*  including  the  Adriatic  Sea  within  the  line  connecting  the  main 
islands 


TABLE  2.  Earthquake  resistance  of  old  masonry  buildings* 


Wall  type 

Storey 

Current  condition 

Strengthened  condition 

number 

Advantage- 

Disadvanta- 

Advantage- 

Disadvanta- 

ous  plan 

geous  plan 

ous  plan 

geous  plan 

2 

0.19 

Brick  wa' l 

3 

4 

0.15 

0.13 

5 

0.1? 

Stone  wa . . 
category  I 

1 

2 

0.16 

0.10 

0.12 

0.08 

0.41 

0.2s 

0.30 

0.18 

3 

0.08 

0.06 

0.19 

0.14 

Stone  wall 

1 

0.20 

0.15 

0.72 

0.53 

category  II 

2 

0.13 

0.10 

0.41 

0.30 

3 

0.10 

0.08 

0.30 

0.22 

Stone  wall 

1 

0.41 

0.30 

0.80 

0.59 

category  III 

2 

0.25 

0.18 

0.45 

0.33 

3 

0.19 

0.14 

0.33 

0.24 

Stone  wall 

1 

1.45 

1 .08 

category  IV 

2 

0.78 

U.58 

(grouted) 

3 

0.56 

0.41 

*)  expressed  as  part  of  gravity  acceleration  (g=9.81  m/sec^) 


Actual  accelerations: 

7°  MCS  0.05  to  0.10  g 
8°  MCS  0.10  to  0.20  g 
9°  MCS  0.20  to  0.40  g 


Fig  - 1  Displacements  of  a  Masonry  Building  Depending  on  Wall  Connertion 


•  b  -  cracks  due  to  deflection  outsi¬ 
de  the  wall  plane 


•  s  -  cracks  due  to  main  tensile  stres 
ses 


'  f  -  cracks  due  to  deflection 


'Fig. 2  Mechanism  of  Masonry  Building  Collapse 
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Summary 

It  is  said  that  earthquake  engineering  started  in  1891,  when  the 
strong  NOBI  Earthquake  of  M-8.4  attacked  the  central  part  of  Japan. 
Until  the  NOBI  Earthquake,  no  attention  was  being  paid  to  earthquake- 
proof  construction  in  most  parts  of  the  world.  Since  189^  great 
strides  have  been  made  in  this  fieM  through  various  efforts  of 
scientists  and  engineers.  There  arp  some  seismic  damages,  however, 
that  cannot  be  explained  even  by  the  advanced  knowledge  of  earth¬ 
quake  engineering,  although  most  seismic  damage  can  be  solved  theo¬ 
retically  as  well  as  practically.  The  writer  considers  that  the 
incredible  damages  are  the  blind  points  of  earthquake  engineering, 
and  that  they  are  the  important  research  items  for  future  earthquake 
engineering. 

Introduction 


Due  to  great  advancement  in  earthquake  engineering  worldwide,  some 
of  the  seismic  damages  to  structures  can  be  theoretically  analyzed 
and  be  the  source  of  revision  of  aseismic  codes.  These  kinds  of 
seismic  damages  can  be  prevented  from  future  earthquakes.  On  the 
other  hand,  there  are  several  other  earthquake  damages  which  cannot 
be  easily  explained,  and  for  which  there  are  few  design  procedures 
appropriate  for  their  prevention.  The  latter  damages  belong  to 
today’s  topic,  "The  Incredible  Seismic  Damages." 

For  convenience,  the  incredible  seismic  damages  will  be  divided  into 
two  groups.  Group  I  and  Group  II.  The  mechanism  of  damage  in  Group 
I  cannot  be  easily  clarified  and  therefore  there  is  no  way  of  elimi¬ 
nating  seismic  failures  of  this  kind.  Damage  mechanism  of  the 
second  group  is  clearly  understood,  but  there  is  as  yet  no  appropri¬ 
ate  or  authorized  design  procedures. 

Structural  Damages  of  Group  I 

a)  Performance  of  Electric  Power  Transmission  Towers: 

Before  the  Izu-Peninsula  Earthquake  (M=6.9),  1974  occurred,  the  con¬ 
crete  transmission  pole  was  standing  on  the  cantilever.  When  the 
earthquake  struck,  the  impact  partially  crushed  the  pole  to  near 
ground  level.  After  the  earthquake,  the  pole  shifted  horizontally 
and  was  again  standing  in  the  upright  position  as  shown  in  Slide-1. 
In  this  case,  the  pole  was  supported  by  a  hinged  bearing,  ar.d  there¬ 
fore  the  pole  was  not  a  statically  stable  structure,  although  it 
will  not  overturn.  The  pole  was  located  near  the  epicenter. 

b)  Horizontal  Movement  of  RC  Girders: 

At  the  time  of  Fukui  Earthquake  (M=7.3),  1948,  the  T-beam  reinforced 
concrete  girders  shifted  horizontally  as  shown  in  Slide-2.  There 
was  tar  paper  between  the  girder  and  the  bridge  pier.  Among  the  13 
simply-supported  girders,  4  spans  shifted  horizontally,  and 
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eventually,  2  of  them  fell  down,  and  the  other  2  spans  overhanged  as 
shown  in  Slide-2. 

c)  Failure  of  Girder  Support: 

In  the  case  of  Ebino  Earthquake  (M=5.7),  1968,  the  narrow  steel 
plate  connecting  the  prestressed  concrete  girders  with  the  bridge 
pier  was  broken  off  from  horizontal  cracking.  This  failure  cannot 
be  explained  unless  we  consider  the  large  vertical  impact  acting  on 
the  girder.  The  failure  shown  izt  Slide-3  may  be  similar  to  the 
failure  pattern  mentioned  above.  Compressive  stress  caused  by  the 
vertical  impact,  in  this  case,  must  have  been  much  larger  than  the 
compressive  stress  due  to  dead  load  of  the  girder. 

d)  Gate  Frame  Structure  of  Haruoka  Castle: 

Fukui  Earthquake,  1948,^  overturned  the  wooden  frame  of  the  castle 
gate  of  Maruoka  castle  without  any  trace  of  scratching  on  the  pivot 
hole  of  the  wooden  column.  Taking  into  account  the  existence  of  the 
shear  steel  plate  stretching  out  from  the  column  foundation,  the 
castle  gate  jumped  up  nearly  higher  than  the  top  of  the  steel  plate 
as  shown  in  Slide-4.  This  phenomenon  is  just  incredible. 

e)  Masonry  Shrine  Gate: 

This  kind  of  structure  is  generally  constructed  on  a  footing  founda¬ 
tion,  and  heavy  girders  are  set  on  top  of  the  structure,  whose 
columns  are  made  of  stone,  which  is  a  brittle  material.  Based  on 
these  three  aspects,  it  can  be  concluded  that  the  masonry  shrine 
gate  is  of  very  poor  structure  from  the  viewpoint  of  earthquake 
engineering.  The  shrine  gate  in  Slide-5  was  located  near  the  epi¬ 
center  of  Izu-Peninsula  Earthquake,  1974,  but  the  damage  to  it  was 
very  slight  -  almost  no  damage. 

Structural  Damages  of  Group  II 

a)  Damage  to  the  Banyu  Bridge: 

This  bridge2^  is  located  at  the  estuary  of  Banyu  River  to  the  Sagami 
Bay,  which  was  the  epicenter  of  the  Kanto  Earthquake.  At  the  time 
of  the  test,  it  was  still  under  construction.  According  to  the  de¬ 
sign  specification  for  bridges,  substructures,  including  the  bridge 
piers,  had  sufficient  strength  to  resist  any  seismic  load  acting  on 
the  superstructures  and  substructures.  In  this  case,  there  was  no 
girder  as  shown  in  Slide-6,  and  the  mass  of  frame  of  the  substruc¬ 
ture  was  not  very  large,  but  there  were  many  cracks  at  the  beam- 
column  joints.  This  damage  was  caused  by  the- relative  movement  of 
the  foundation  of  this  bridge  caused  by  ground  movement  due  to  lique 
faction  of  sandy  ground.  There  is  no  clear  or  authorized  design 
measures  for  structures  against  such  large  ground  movement. 

b)  Failure  of  the  Overpath  Bridge: 

31 

Measurement  of  the  span  length  after  the  Niigata  Earthquake,  '  1964, 
revealed  that  it  had  become  longer  by  more  than  50  cm  than  the  de¬ 
sign  span.  This  was  the  main  reason  why  the  main  span  shown  in 
Slide-7  fell  down.  A  question  was  raised:  Why  did  the  span  elon¬ 
gate?  This  question  was  answered  when  the  concrete  piles  of  the 
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bridge  foundation  were  picked  up  during  reconstruction  work.  Con¬ 
crete  piles  were  bent  as  if  they  had  sustained  horizontal  thrust  force 
applied  about  their  central  part.  It  was  clear  that  horizontal 
ground  movement  due  to  liquefaction  was  the  thrusting  force  that 
pushed  the  concrete  piles.  This  is  a  similar  problems  a)  of  this 
section,  that  needs  to  be  researched. 

c)  Opening  of  Concrete  Slab  at  Juvenile  Hall: 

41 

Concrete  slab  of  the  Juvenile  Hall  '  was  broken  by  the  San  Fernando 
Earthquake,  1971,  as  shown  in  Slide-8.  It  was  difficult  to  under¬ 
stand,  just  after  the  earthquake,  as  to  why  they  were  broken.  Later 
it  was  elucidated  that  this  breakage  was  caused  by  the  ground  sliding 
along  the  liquefied  sand  layer  of  2-3%  slope.  Half  of  the  concrete 
slab  of  the  Juvenile  Hall  was  on  the  now  liquefied  ground,  and  the 
other  half  was  on  the  moving  ground.  The  maximum  displacement  of 
the  landslide  reached  1.5  m. 

d)  Damage  to  Joseph  Jensen  Filtration  Plant: 

41 

The  side  walls  of  the  in-ground  filtration  plant  '  was  strongly  push¬ 
ed  by  an  unknown  lateral  force  as  shown  in  Slide-9.  This  happened 
at  the  time  of  the  San  Fernando  Earthquake,  1971.  The  lateral  force 
was  caused  by  ground  movement  sliding  along  a  thin  layer  of  liquefied 
sand  and  this  force  became  so  great  that  it  demolished  the  reinforced 
concrete  wall  of  the  filtration  plant.  Estimation  of  this  lateral 
force  is  not  easy  from  the  present  knowledge  of  earthquake  engineer¬ 
ing. 

e)  Behavior  of  Arch  Bridges: 

From  observations  after  the  Kanto,  Skopje,  and  Niigata  Earthquakes, 
it  can  be  concluded  that  an  arch  bridge  shows  very  good  performance 
during  earthquakes  and  damage  sustained  by  it  is  very  slight.  For 
instance,  seismic  design  coefficient  of  the  Bandai  Bridget)  in 
Niigata  city  in  Slide-10  was  zero,  but  it  withstood  earthquakes 
better  than  any  other  type  of  bridge  in  the  Niigata  area.  What  is 
the  most  appropriate  seismic  design  coefficient  for  an  arch  bridge? 

f)  Underground  Structures  Crossing  Fault: 

According  to  data  obtained  from  past  earthquakes,  buried  pipes  show 
high  seismic  damage  ratio,  which  is  defined  by  the  number  of  collap¬ 
sed  pipes  per  unit  length  of  buried  pipe  near  its  crossing  point 
with  fault.  Protection  of  buried  pipes  at  subway  tunnels  against 
fault  is  now  a  new  research  item,  and  several  countermeasure  propo¬ 
sals  have  already  been  published,  but  not  authorized.  Slide-11 
shows  the  damage  to  a  sewage  concrete  pipeline  deformed  by  the  Tan- 
shan  Earthquake  in  1976.  >v 

Concluding  Remarks 

The  writer  cited  only  a  few  of  the  incredible  seismic  damages.  More 
and  more  Incredible  damages  will  probably  be  reported  around  the 
world.  They  are  just  the  blind  points  of  earthquake  engineering. 
Turkish  as  well  as  Chinese  engineers  may  have  had  similar  experience 
in  seismic  damage  which  are  very  special  and  incredible.  The  writer 
is  of  the  opinion  that  it  may  be  worthwhile  to  investigate  incredible 
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seismic  damages,  and  hopes  that  this  study  Mill  provide  a  new  way  to 
advance  the  progress  of  earthquake  engineering.  , 

In  order  to  collect  various  data  on  seismic  damages  which  are  diffi¬ 
cult  to  understand,  international  cooperative  work  is  necessary 
because  many  countries  have  their  own  special  incredible  seismic 
damages. 

REFERENCES 

1.  Fukui  Earthquake  Damage  Investigation  Comnittee,  Japan  Science 
Council,  "Report  on  Seismic  Damages  to  Civil  Engineering  • 
Structures,"  1950. 

2.  Seismic  Damage  Investigation  Committee,  Japan  Society  of  Civil 
Engineers,  "Report  on  Seismic  Damages  by  Kanto  Earthquake  1923," 
1926. 

3.  Japan  Society  of  Civil  Engineers,  "Report  on  Seismic  Damages  by 
Niigata  Earthquake  1964,"  1966. 

4.  U.S.  Department  of  Commerce,  "San  Fernando,  California  Earth¬ 
quake  of  February  9,  1979,"  1973. 


-  4  - 


TURKISH  NATIONAL  COMMITTEE  cOR 
EARTHQUAKE  ENGINEERING 


THIRTEENTH  REGIONAL  SEMINAR  ON  EARTQUAKE  ENGINEERING 

September  14-24,  1987  -  Istanbul  -  Turkey 


SIMPLIFIED  METHOD  FOR  DETERMINATION  OF  INELASTIC 
DEFORMATIONS  IN  BUILDINGS  EXPOSED  TO  REAL  SEISMIC 

EFFECTS 


Dr.  Trifun  PASKALOV,  Professor 


Institute  of  Earthquake  Engineering 
"Kiri I  and  Metodij 


and  Engineering  Seismology 
'*  -  Skopje,  Yugoslavia 


SIMPLIFIED  METHOD  FOR  DETERMINATION  OF  TNaASTIC 
SSs5  B0XLD1BCS  EXPOSED  10  BKEL  SEISMIC 


Dr.  Trifun  PASKALOV,  Professor 


Skopje,  May  1987 


FOREWORD 


The  idea  for  this  work  appeared  on  the  occasion  of  the  lecture 
titled  "Practical  Methods  for  Considering  the  Nonlinear  Deformations 
during  Seismic  Effects",  which  was  given  by  Acad.  Prof.  Dr.  Schio 
Germanovich  Napetvaridze  from  Tbilisi,  USSR,  for  the  participants  to 
the  Course  on  Low-Cost  Housing  Construction  in  Seismic  Regions,  held 
in  November  1986.  On  the  other  hand,  there  has  been  a  permanent  need 
of  explaining  the  inelastic  behaviour  of  buildings  when  exposed  to  in¬ 
tensive  seismic  effects,  to  the  engineers-designers  in  a  simplified 
manner,  understandable  for  their  level  of  knowledge  of  the  principles 
of -linear  and  nonlinear  structural  dynamics. 

The  work  consists  of  only  one  chapter,  in  which  the  first  part 
is  a  sublimated  analytical  approach  for  solving  the  problem,  and  the 
second  one  is  an  illustrative  example,  through  which  the  derived  metho¬ 
dology  has  bee-n  qnolied  on  a  twelve-floor  reinforced-concrete  building 
constructed  with  frames  and  diaphragms  as  bearing  elements. 

In  this  work,  the  author  does  not  intend  to  eliminate  the  exact 
method  for  determination  of  the  inelastic  response  of  these  buildinsg. 
through  direct  solving  of  the  equation  of  motion,  but  only  to  give 
an  evaluation  of  the  kind  and  size  of  the  Inelastic  deformations  when 
there  is  a  lack  of  appropriate  computer  programs  for  performance  of 
more  refined  calculations. 


The  Author 
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SIMPLIFIED  METHOD  FOR  DETERMINATION  OF  INELASTIC  DEFORMATIONS  IN 

BUILDING  CONSTRUCTION  STRUCTURES  EXPOSED  TO  REAL  SEISMIC  EFFECTS 

Seismic  stability  of  structures  is  a  primary  obligation  of  the  human 
lives  protection  and  reduction  of  damage  due  to  the  effects  of  major 
earthquakes.  For  this  purpose,  countries  exposed  to  effects  of  different 
.earthquakes  provide  preventive  protection  by  strict  application  of  re¬ 
quirements  specified  in  their  technical  codes  in  the  field  of  civil  engine¬ 
ering.  Thus,  in  the  Socialist  Federal  Republic  of  Yugoslavia,  protection 
of  building  structures  is  provided  by  application  of  the  requirements 
in  the  "Book  of  Regulations  for  the  Technical  Normatives  for  Design  and 
Construction  of  Building  Structures  in  Seismic  Regions"  -  Official  Register 
of  SFRY  No.  49/82  and  No.  29/83  (2)?  According  to  this  Book  of  Regulations, 
in  some  cases,  if  not  categorized  structures  or  typified  structures  con¬ 
structed  in  series  are  concerned,,  besides  the  application  of  the  simplified 
statical  method  of  earthquake  engineering,  calculation  should  be  performed 
of  the  dynamic  nonlinear  response  of  the  structural  systems,  paying 
attention  to  the  elasto-plastic  features  of  the  built-in  materials.  This 
is  regulated  by  Articles  No.  2,  6,  7,  8,  39  and  40  of  the  above-mentioned 
Book  of  Regulations  (2).  It  is  the  application  of  these  regulations  that 
brings  about  confusion  among  engineer s-designers,  because  this  subject 
material  is  not  included  in  regular  studies  at  most  of  the  civil  engine¬ 
ering  departments  in  the  country.  This  fact  Induced  the  author  of  this 
work  to  try  and  In  the  simplest  way  simplify  the  procedure  for  determin¬ 
ing  the  nonlinear  response  of  the  systems  with  one  or  more  degrees  of 
freedom,  by  direct  application  of  the  assumptions  from  the  linear  spectral 
theory  of  earthquake  engineering.  The  methodology  suggested  here  is  based 
on  the  concept  of  balance  of  the  deformation  energy  in  the  normal  elastic- 
plastic  systems  with  that  of  thfi  equivalent' elastic  systems,  where  theo¬ 
retically,  elastic  limit  does  not  exist.  The  procedure  itself  is  considered 
to  be  rather  simple,  to  enable  quick  and  efficient  analysis  without  the 
use  of  the  modern  computer  technique,  which  is  not  excluded,  but,  on 
the  contrary,  is  very  suitable  with  respect  to  elaboration'  of  appropriate 
computer  program.  The  only  difficulty  from  the  mathematical  point  of  view 
Numbers  in  brackets  indicate  the  listed  literature. 
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arises  when  solving  the  eigen  values  of  the  considered  structure  in  orcer 
to  solve  the  periods  and  shapes  of  free  vibrations ,  which  are  taken  into 
account  in  these  analyses.  This  part  of  the  calculation  is  not  included 
here,  and  it  nay  be  referred  to  in  two  previous  papers  by  the  sane  author 
(3, A)  where  detailed  description  of  this  procedure  can  be  found. 


.1.  Practical  Methods  for  Considering  Nonlinear  Deformations  during 
Seismic  Effects  _ _ 


The  basic  concept  consists  of  approximate  replacement  of  a  multi-mass 
linear  system  of,  a  building  or  a  structure  (Fig.  la)  by  a  single-degree-of- 
freedom  system  (Fig.  lb) ,  taking  the  nonlinear  structural  deformation  into 
consideration  in  order  to  make  more  economical  use  of  strength  reserves 
of  the  structural  elements. 


Fig.  1.  Multi-  and  Slngle-Degree-of-Freedom  Systems 

For  simpler  calculations,  the  "force-displacement"  diagram  of  the 
single-degree-of-freedom  system  presented  in  Fig.  lb  is  allowed  to  be 
simplified  in  the  form  of  the  Prandle's  diagram  (Fig.  2). 
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Fig.  2  "Force-Displacement"  Diagram  of  the  Prandle's  Type 
The  notations  in  the  above  figure  are: 

F*  and  U*  -  boundary  elastic  force  corresponding  to  the  elastic 
displacement  of  a  single-mass  system. 

K  -  system  rigidity,  obtained  as 

K  *  F*/U*  =  tga  ...  (1) 

0*  -  entire  horizontal  structural  displacement,  obtained  as 

U*  -  U*  +  AU*  -  /  ...  (2) 

where  dU*  is  the  residual  (permanent)  displacement. 

F  and  0  -  horizontal  seismic  force  and  corresponding  displacement 

to  occur  if  the  system  behaves  elastically  for  any 
deformation  value. 

F  «  K*U  -  ...  (3) 

On  the  other  hand,  the  potential  energy  of  the  deformed  elastic 
system  is  equal  to  the  triangle  OBB'  area  and  according  to  (3)  is: 

E  »  F-U/2  «  F2/(2K)  ...  (4) 

The  potential  energy  of  the  real  system  in  the  elastic  deformation  . 
range  is  equal  to  the  OAA'  triangle,  and  according  to  (1)  is: 


u 


E*  =  F* *U*/2  *  F*2/(2K)  ...(5) 

The  irretrievable  energy  after  the  development  of  plastic  deformations 
is  equal  to  the  triangle  A' ACC*  area,  and  it  is  obtained  as 

E*  =  F*  (U*  -  0*}  «  F*U*  (  -  1) 

or,  respecting  the  relation  in  (1)  it  is  obtained  that 

t^j  ■  F*2  (u-1)/K 

where  1*  »  U*.CJ*  is  the  structural  ductility  coefficient. 

From  the  energy  "balance,  it  is  obtained 

E  =  E*  +  E* 

or,  respecting  the  relations  in  (4),  (S)  and  (7), 

F2  -  F*2  *  2F*2  (y-1) 

is  obtained,  i.e. 

V  F*  "=  F/{2y-t)1/2 

It  should  be  emphasized  that  for  V  >  1  F  is  always  greater  than 
F*  and  thus,  if  for  example  V  -  4,  F*  -  0.38  F.  Equation  (8)  points 
to  the  fact  that  there  is  a  possibility  that  plastic  deformations 

develop  in  the  structure,  the  building  will  be  exposed  to  significantly 
weaker  force  compared  with  the  one  that  would  be  obtained  if  the  linear 
theory  of  earthquake  engineering  was  applied. 

Equation  (8)  may  be  used  with  sufficient  accuracy  in  linear  multi 
degree-of-freedom  systems  as  well,  which  predominantly  suffer  shear 
deformations  (Shear-Type  Structures).  For  example,  the  structure  presented 
in  Fig.  la  is  of  this  type.  The  only  difference  is  that  instead  of  F 
and  F*  forces  (Fig.  lb),  the  corresponding  transverse  S^  and  S*  forces 
occur  (Fig.  la) . 

According  to  the  spectral  theory  of  earthquake  engineering,  it  is 
known  that  the  horizontal  elastic  displacements  of  the  "J"-th  transversal 
cross-section  of  the  structure  are: 

•  *0  «<Tt>  V,  T*/(2n)2 


...  (6) 

...  (7) 


...  (8) 


see 


(9) 
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with  the  fo  ing  notations: 


"i"  -  ior  o£  the  normal  mode  shape 


a  -  ^ak  foundation  acceleration 
o 

6  (T\)  -  -.amics  coefficient,  depending  on  the  natural  vibrations 
,  .  i  lod,  T^,  in  the  "i"-th  mode  shape,  and  on  the  structural 
operates  for  elastic  energy  dissipation 

<t>^j  -i„  ..nate  of  the  normalized  "i"-th  mode  shape  to  vibrations 

ir.  the  "j"-th  structural  cross-section 


-  i.-.ttor  of  "i"-th  mode  participation  in  the  overall  system 
r.aviou’r ,  obtained  as 

T  T  N  K  ? 

-  {*)[  jwl  { 1>  /{*}[  |M|U)1  =  ^  mj^i  j 


td>>± 

|M| 

N 


-  vector  of  the  normalized  "i"-th  mode  shape 

-  inertial  matrix  of  the  system 

-  concentrated  mass  in  Che  cross-section 

-  definite  number  of  degrees  of  freedom. 


By  analogy  to  the  expression  (9),  the  displacement  of  the  "j-l"-th 
cross-section  of  the  system,  'for  the  same  "i"-th  vibration  mode,  is: 


ui j-1  =  ao  6 (Ti )*Ti  •  Ti 


...  (ID 


On  the  other  hand,  the  transverse  force  which  would  be  generated 
in  this  cross-section  according  to  the  assumptions  in  the  structural 
theory,  would  be: 


s(o '  "j  <uu  -  Vt>  • V 


where : 

S^j  -  transverse  elastic  force  on  the  "j"-th  floor  at  the  "i"-th 
.  vibration  mode 

-  relative  interstory  elastic  drift. 
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Because  expression  (12),  through  relations  (9)  and  (11),  defines 
the  maxium  values  of  the  transverse  forces,  the  total  transverse  force 
at  the  "j"-th  floor  with  presence  of  more  vibration  modes  will  be  determin¬ 
ed  as  a  mean  square  value  of  the  corresponding  transverse  forces,  or 

a.K,  /  n  o  2 ,  V2 

sj  “  tTi),Ti  *  Y1  (*1J  “  ♦ij-lfl  j  (13) 

where  Kj  -  rigidity  of  the  "j"-th  floor  (layer) 

n  -  number  of  calculated  mode  shapes. 

The  analogy  between  Equations  (3)  and  (13)  enables  application  of 
the  procedure  for  .single-degree-of-freedom  systems,  as  it  was  earlier 
stated,  which  is: 


sj  *  -  '>,/2 


...  (14) 


where  the  ductility  coefficient,  by  analogy  with  (7)  and  (8),  depends 
upon  the  structural  type  and  the  material  of  the  "j"-th  structural 
element. 


The  residual  displacement  of  the  simplified  model  (Fig.  lb),  accord¬ 
ing  to  (2)  and  respecting  (8),  iz  determined  through 


AU*  -  U*  =  (y-1)'£- 


...  (15) 


Now,  if  according  to  Equation  (9)  and  Fig.  fcb  the  seismic  force  (of 
a  single-mass  system)  is  determined,  it  will  be  obtained  that 

f  =  ^Qe(T)  ...  (ifi) 


which  gives  expression  (15)  for  obtaining  the  residual  floor  displacement 
the  following  form:  _ 


AU 


* 


-  (H  .-.1? 

(2W-1)1/2 


0  (T) * T 


2 


where,  according  to  (1) 


F  /K  ; 


9  9 


•  e  • 


(17) 
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In  the  above  expressions  "Q"  represents  mass  weight,  and  "g”  is 
acceleration  due  to  gravity. 


By  analogy  to  Equation  (15)  and  respecting  (14),  for  the  multi-mass 
(multi-degree-of-freedom  -  Fig.  la)  system,  it  may  be  written 

<p1  -  i)  H 

rW  1C  •••  <,8> 


★ 

:&6. 

j 


where  the  value  of  the  transverse  force  "S^"  is  determined  according  to 
expression  (13).  On  the  other  hand,  building  codes  in  many  countries 
restrict  the  residual  floor  deformations  "AU*"  through  defined  ductility 
coefficients  "y".  Now,  respecting  expression  (13),  the  residual  displace¬ 
ment  of  the  ''j"-th  floor  obtains  the  following  final  form: 


...(19) 


The  diagram  of  deformation  of  the  building  structures  without  strength¬ 
ening  (of  the  Prandle's  type)  is  not  the  only  one  possible.  It  is  often 
in  accordance  with  test  data  of  reinforced-concrete  elements  with  relative¬ 
ly  low  percentage  of  reinforcement,  or  elements  of  light-reinforcement 
masonry. 

For  the  structural  elements  of  different  materials,  the  deformation 
diagrams  may  have  different  form.  However,  most  of  them  can  be  adopted 
in  the  forms  presented  in  Fig.  3, diagram  with  strength  increasing  (Fig. 

4a)  or  reducing  (Fig,  3b). 

For  both  cases  of  increasing  or  reducing  the  strength,  the  derivations 
are  performed  through  energies  balance,  as  it  was  done  earlier.  Here, 
for  easier  derivation,  strength  reducing  in  the  post-elastic  range  is 
accepted  as  an  elastic  rigidity  relation 

K1  *  tga1  *  rK  i”rtga  ...  (19) 


where  "r"  may  be  positive  (Fig.  3a)  or  negative  (Fig.  3b). 
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Fig.  3.  Force-Displacement  Relationship  with  Increased  or  Reduced  Stiffness 


|  EsiF,Us?r  •••  (2°) 

1  1  r*2 

E*4F*U*4x  ...  (21) 

******** 

Et  =  (U1  *-  U  )  F  +  (Ut  -  U  )  rK  (U,  -  U  ) 

j  E1  =  (v-1)  F  U  +  (p-l)^rF  U 

j  ^  *2 

E*  “  (w-1)  [l+r(p-1)]~ —  ...(22) 

Applying  the  energy  balance,  E  »  E*  +  E^,  it  is  obtained 

F2  =  F*2  (1  +  2(w-1)  [1  +  r(u-1 )] ) 

1  F*  =  F/  {1  +  2(v-1 )  [1  +  r(w-1)]}1/2  ...  (23) 

Now,  if  the  residual  displacement  of  single-mass  system  (Fig.  1) 
is  to  be  determined,  expression  (15)  should  be  used,  being  valid  here 
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For  r  =  0,  expressions  (23),  (24)  and  (25)  become  identical  with 
(8),  (17)  and  (19),  which  is  kind  of  proof  that  the  first  ones  represent 
only  special  casesof  the  latter.  On  the  other  hand,  it  is  evident  that 
for  r  -  0,  expression  (25)  gives  higher  value  than  (19),  and  for  r  <  0 
lower,  which  is  physically  logical. 


Equation  (24)  or  (25)  are  suitable  for  estimation  of  the  maximum 
residual  deformations,  both  for  the  single-  and  multi-degree-of-freedom 
systems.  But,  for  this  purpose,  the  a'ctual  ductility  coefficients  "y" 
should  be  determined.  This  may  be  done  using  expression  (23),  which 
will  give  a  new  expression  for  determining  the  ductility  coefficient  as 
a  function  of  the  seismic  force  "F"  (16)  and  yield  force  "F*",  i.e.  the 
transverse  force  "S^"  (13)  and  the  yield  force  "S*". 


{1+2r,[(S./S*f-l]},/2r1 
*j  =  1  + - ~7Fr- - 


(26) 


The  proposed  procedure  for  estimation  of  the  maximum  residual  deform¬ 
ations  may  be  illustrated  on  a  practical  example  of  a  building  of  twelve 
floor  levels.  The  example  refers  to  the  same  building  observed  under 
"Practical  Example,  Computation  for  a  Building  Having  GF+11  Storeys", 
presented  in  Reference  (4) . 

The  characteristic  plan  of  the  building  is  shown  in  Fig.  4,  and 
the  vertical  cross-section  in  Fig.  5. 

It  is  obvious  from  the  plan  that  if  the  building  vibrates  in  the 

transverse  cross-section,  four  identical  frames  (R)  and  four  identical 

diaphragms  (D)  appear  to  be  vertical  bearing  elements.  The  inertial  and 

rigidity  characteristics,  and  the  dynamic  properties  of  the  building  have 

been  previously  determined,  and  they  are  directly  used.  All  masses  are 

-1  2 

approximated  as  one  as  follows:  m^  »  m2  "  m  -  2.95  kNcm  sec  . 

After  solving  the  eigen-value  problem  of  the  building,  the 
following  values  of  the  natural  periods  of  vibrations  are  obtained  for 
the  first  three  mode  shapes: 

T,  -  1,250  s;  T2  =  0,477  s  m  T3  -  0,294  s 


and  the  corresponding  eigen  vectors  are  given  in  the  following  Table  1. 


Fig.  4.  Characteristic  Plan 

Considering  the  fact  that  under  the  effect  of  a  real  earthquake 
the  foundation' accelerations  are  significantly  higher  than  those  defined 
by  the  technical  regulations,  consequently,  forces  are  generated  in  the 
structure  which  are  significantly  stronger  than  the  normative  ones,  i.e. 
those  which  are  determined  according  to  regulations.  In  order  to  illustrate 
this  procedure,  the  proposed  structure  was  tested  under  the  effects  of 
several  characteristic  earthquakes,  recorded  in  California  (USA)  and 
Montenegro  (Yugoslavia).  For  this  purpose,  selected  were  the  earthquakes 
of  Imperial  Valley,  Cl  Centro  -  1940,  SOQE,  San  Fernando  -  1971,  15250 
Ventura  Blvd.  b  smth  N11F,  Montenegro  -  1979  -  Ulcinj,  Albatros  and 
Petrovac,  all  of  them  normalised  at  peak  acceleration  of  0.35  g.  The 
characteristic  acceleration  spectra  of  these  earthquakes,  for  52  (X  ■ 

0.05)  damping,  are  given  in  Fig.  6,  normalized  in  the  form  of  dynamics 
coefficients  "f$(T)M.  The  forces  generated  in  the  structure  depend  upon 
the  spectrum  of  each  earthquakes,  the  peak  foundation  acceleration  and 
its  dynamic  characteristics,  which  is  evident  from  expression  (13),  i.e. 
they  are  determined  according  to  the  following  expressions: 


set — ;  u 


These  forces  are  determined  in  a  tabular 


way,  as  shown  in  Table  2. 
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CONCLUSIONS 


Based  on  Che  developed  methodology  for  calculation  and  the  results 
obtained  for  the  illustrated  example,  some  points  may  be  emphasized 
which  lead  to  the  following  conclusions: 

1.  The  proposed  procedure  cannot  be  considered  as  a  thorough  replace¬ 
ment  of  the  exact  method  for  calculation  of  residual  structural  displace¬ 
ments  which  is  based  on  a  strict  solution  of  the  the  system  of  nonlinear 
differential  equations  of  motion. 

2.  Definition  of  the  elasticity  limit  of  each  storey  of  the  considered 

building  example  has  been  performed  in  a  rather  simplified  way.  In  other 

words,  it  has  been  assumed  that  the  reinforcement  of  the  bearing  elements 

be  determined  on  the'  principle  of  allowed  stresses  in  the  reinforcement 

(o  -  210  MPa)  under  the  effect  of  normative  seismic  forces,  "F  ",  i.e. 
a  n 

corresponding  transverse  forces,  "S  Considering  the  fact  that  the  re¬ 
inforcement  starts  yielding  under  a  stress  «  240  MPa,  the  transverse 
yield  stresses  "S*"  are  determined  by  multiplying  the  normative  "S^" 
with  the  factor  F  «  240/210  «  1.14  (See  Table  1). 

3.  In  order  to  check  the  efficiency  and  usability  of  this  procedure, 
corresponding  Inelastic  system  responses  of  the  example  has  been  calculated 
by  means  of  step-by-step  integration  of  the  differential  equations  for 

the  effects  of  the  same  earthquakes  that  have  been  a  subject  of  considera¬ 
tion  in  the  previous  pages.  The  maximum  values  of  the  residual  interstpry 
drifts  obtained  in  the  way,  are  shifted  in  Tables  3  and  4  as  "A<5  *"  - 
EXACT.  By  a  simple  comparison  of  the  corresponding  results  (column  6  and 
7,  i.e.  10  and  11),  it  may  be  concluded  that  the- values  of  the  correspond¬ 
ing  residual  displacements  determined  according  to  the  simplified  methodo¬ 
logy  and  according  to  the  exact  solution  of  the  differential  equations 
of  nonlinear  dynamics  are  rather  similar  along  all  storey  heights,  except 
for  the  upper  and  lower  storeys  where  a  slight  difference  occurs,  but 
in  tolerable  limits. 
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APPENDIX:  TABLES  AND  FIGURES 


Table  1.  Rigidity,  Dynamic  and  Elastic-Plastic  Characteristics  of  the  System 


normative  seosmis  force  obtained  and  distributed  according  to  the  Book  of  Regulations 
'  corresponding  transverse  force 

transverse  force  initiating  yielding  of  reinforcement 


El  Centro  I  San  Fernando  I  Petorvac 


Table  3.  Ductility  Coefficients  and  Maximum  Residual  Displacements 


Table  4.  Dultility  Coefficients  and  Maximum  Residual  Displacements 
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Table  5.  Numerical  Values  of  Spectral  Dynamics  Coefficients 


Dynamic  Coefficient  0  (T) 
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Fig.  6  Response  Spectra  for  Selected  Earthquakes 
Dynamic  Coefficients: 

El  Centro:  0  (T,  1-0.815.  0  (T2)  =  2.350  ,  0  (T3)  =  2.054 

Petrovac  :  0  (Tj)  “  0.593,  0(T2)  «  3.154,  0  (T3)  ■=  2.173 

Ulcinj  —  2:  0(T,)  -  0.814,  0(T2)  =  2.729.  0  (T3)  -  2.738 

San  Fcrnando:0  (T^  “-0.725  .  0  (T2)  ■  1.245,  0(T3)»  2.742 
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SUMMARY 

The  basis  tor  specification  of  seismic  design  condi  - 
tions  for  structures  and  for  equipment  installed  on  them 
is  analyzed.  The  necessary  prerequisites  dealt  with  in  this 
connection  are  related  to  the  representation  of  motion 
during  one  event,  to  the  representation  of  the  sequence  of 
expected  future  events,  to  some  basic  relations  of  struc¬ 
tural  dynamics  (in  deterministic  and  stochastic  formula  - 
tions  respectively) ,  to  the  definition  of  response  spectra 
with  specified  non-exceedance  probability,  to  the  verifi¬ 
cation  criteria,  to  the  models  of  ground  motion,  to  the 
chains  of  amplification.  These  prerequisites  are  then  used 
in  order  to  specify  in  a  consistent  manner  design  condi  - 
tions  for  structures  and  for  equipment.  Some  problems  rela¬ 
ted  to  the  implementation  in  practice  are  finally  discus¬ 
sed. 

1 . INTRODUCTION 

Engineering  activities  require  a  specification  of  seis¬ 
mic  conditions  leading  to  adequate  control  and  limitation 
of  seismic  risk.  This  is  valid  for  structures  as  well  as 
for  equipment  installed  on  structures.  This  general  re¬ 
quirement  may  be  fulfilled  in  various  ways,  with  different 
degrees  of  accuracy  and  certainty.  Highly  responsible  struc¬ 
tures  will  impose,  of  course, a  correspondingly  high  degree 
of  accuracy  and  certainty  in  controlling  and  limiting  risk. 
The  recent  years  have  witnessed  therefore  a  sustained  con¬ 
cern  of  researchers  and  practitioners  for  the  development 
of  appropriate  rules  of  specification  of  seismic  condir 
tions,  especially  in  relation  to  the  design  of  potentially 
highly  hazardous  structures  (the  reference  case:  NPP's) . 

It  must  be  mentioned  also  that  engineering  practice  requi¬ 
res  different  approaches  for  activities  related  to  dif¬ 
ferent  categories  of  structures , but,  on  the  other  hand,  a 
common  conceptual  basis  leading  to  different  practical  ap¬ 
proaches  for  different  practical  purposes  can  be  only  wel¬ 
comed  . 

A  consistent  control  of  risk  will  be  based,  of  course, 
on  the  explicit  recognition  of  the  random  nature  of  several 
factors  determining  structural  safety  and  reliability.  Ac¬ 
cording  to  current  concepts,  the  (implicit)  prediction  re¬ 
quired  for  protecting  structures  and  equipment  against 
future  destructive  earthquakes  must  be  made  in  probabi¬ 
listic  terms.  This  represents , basically ,  a  consistent  extra¬ 
polation  of  the  past  experience  in  the  future,  under  the 
assumption  that  the  general  conditions  of  phenomena  and 

events  are  characterized  by  a  certain  stationarity . 

_  -  - 
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The  current  state  of  the  art  makes  it  possible  to  use 
different  alternative  representations  of  entities  related 
to  seismic  conditions.  This  refers  to  the  seismic  motion 
of  ground,  structures,  equipment  etc.  during  one  event, as 
well  as  to  the  sequence  of  seismic  events.  This  paper 
keeps  in  view  these  facts  and  is  intended  to  contribute 
to  the  adoption  of  the  most  suitable  solutions.  There  is 
an  obvious  need  of  correlation  between  the  representations 
adopted  for  the  analyses  of  seismic  motion  during  one 
event  and  of  sequence  of  events. 

The  analysis  of  risk  and,  in  a  complementary  sense, of 
safety  and  reliability  of  structures  may  be  carried  out, 
at  present,  at  different  levels  of  application  of  probabi¬ 
listic  concepts.  While  the  level  one  approach  is  curren¬ 
tly  used  in  codes  and  in  practice  as  well,  it  is  desirable 
to  develop  formats  compatible  with  the  use  of  higher  level 
approaches.  The  alternatives  from  this  view  point  are 
dealt  with  too  in  the  paper. The  author  believes  that  it  has 
become  possible  to  pass  gradually  from  a  methodology  based 
on  the  use  of  design  spectra  (which  is  compatible  with  a 
level  one  approach) to  the  use  of  stochastic  representa¬ 
tions  compatible  with  a  higher  level  probabilistic  ap¬ 
proach.  The  concrete  object  for  which  practical  steps  can 
be  undertaken  is  represented  primarily  by  NPP's,  for 
which  a  consistent  control  of  risk  is  highly  enrightened 
and  for  which  comprehensive  data  bases  as  well  as  resour¬ 
ces  required  by  more  advanced  engineering  analyses  are 
available. 

2 . REPRESENTATIONS  AND  BASIC  RELATIONS. 

2.1.  General 

The  problematique  dealt  with  in  this  lecture  requires 
a  concern  for  defining  some  entities,  for  their  appro¬ 
priate  representation  and  for  the  presentation  of  some 
basic  relations.  One  must  consider  first  in  this  sense: 

a)  the  representation  of  seismic  motion  (for  ground, 
structures,  equipment)  during  one  seismic  event  and  the 
definition  of  some  corresponding  models; 

b)  the  representation  of  the  sequence  of  events  and 
the  definition  of  corresponding  models; 

c)  some  basic  relations  of  structural  dynamics,  in 
accordance  with  the  representations  adopted; 

d)  some  basic  relations  concerning  the  estimate  of 
seismic  risk. 

2. 2.  Representations  of  Seismic  Motion  during  one  Event 

The  seismic  motion  of  ground, structures  and  equipment 
installed  on  them,  during  one  event  is  of  random,  tran¬ 
sient,  nature.  In  order  to  characterize  expected  motions, 
it  is  necessary,  as  mentioned  to  adopt  a  probabilistic 
viewpoint. The  currently  usable  representations  in  this 
field  are: 
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A,  : stochastic  representations  ,  'n  which  the  seismic 
motionsare  dea}t  with  as  random  functions  of  the  time 
variable  and  are.  described  oy  correlation  functions  or 
their  transforms; 

A,: representations  in  the  form  of  (artificial)  ac¬ 
celerograms  ,  which  are  in  fact  sample  functions  of  random 
functions  corresponding  to  representation  A^; 

A^: representations  by  means  of  design  spectra. 

The  representation  Aj  is  currently  used  in  engineering 
practice  (it  lies  among  other  at  the  basis  of  codes) .  The 
representation  A-  is  increasingly  used,  especially  in  con¬ 
nection  with  computer  {non-linear)  time  history  analyses. 
The  representation  A,  is  used  chiefly  in  research.  Alt¬ 
hough  the  frequency  of  use  is  as  mentioned,  the  logical 
sequence  is  A^A^-A-j.  It  is  possible  and  relatively  easy 
to  specify,  on  tne  Basis  of  representation  A^  the  other 
two  representations  and,  also,  to  specify  on  the  basis  of 
representation  A2  the  representation  A,.  The  converse  ap¬ 
proach  is  difficult  and  does  not  lead  to  unique  solutions. 


In  case  one  considers  a  vectorial  random  function  of 
time  W(t)  (which  could  represent,e.g.an  n-dimensional  ac¬ 
celerogram)  ,  its  basic  characteristic  is  its  (matrix)  se¬ 
cond  order  correlation  function  (or  covariance) , 

B(n)[W,t1^t2]  =  W(tx)  .WT(t2)  (2.1) 

where  the  upper  index  denotes  the  transposed,  and  the 
average  is  considered  for  a  statistical  ensemble.  In  the 
particular  case  of  stationary  random  functions,  this  func¬ 
tion  will  depend  only  on  the  difference  t2-t^, 

B(n)  lW;tlft2]  =  B[W;t2-t1)  (2.2) 


A  complementary,  particularly  useful,  means  for  charac¬ 
terization  of  random  functions  is  represented  by  their 
(matrix)  spectrum  densities.  In  case  of  stationary  func¬ 
tions  the  classical  spectrum  densities  S[W;«m]  satisfy 
the  Wiener-Khintchin  relations  [  ft  ] 


e'ifc>Iritn B [W;tn]at 

i*t,t 

BlW;tn]=  J  e  SlW^Jdcu, 


(2.3a) 

(2.3b) 


In  case  of  arbitrary  (non-statio'nary)  functions  one  in¬ 
troduces  the  generalized  spectrum  density  S'n' [W;w^,c^], 
which  satisfies  the  generalized  Wiener-Khintchin  rela  - 
tions  [  2  J 


S(n)  [W;«1,aJ2]=-^T/J  e 
4tr  •> 


-<‘J2t2-wLt1) 


B (n) [W;tlft2] 


dt^dt 


2 


V 


(2.4a) 


1 


B(n>  tW;tlft2]> 


11 


i'Wh)  c|n)IH 
e  S 


dcj^dWj 


(2.4b) 


Besides  the  usual  representations  used,  it  is  useful  to 
consider  an  alternative  approach  based  on  the  use  of  a 
new  system  of  variables  [  13  ] 


Vltl+t2>/2 


Vs  t2~tl 


V(h)iw’)/2 
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(2.5) 


One  will  introduce  in  this  connection  the  functions 
B  '  (Wjt  t  J  and  tW;«o  ,<u  j ,  which  satisfy  a  couple 

of  relaticmswhice  are  equivalent  to  (2.4), 


-i(<Jt  +wt  ) 

n  m  B(d) {w.tm 


dt  dt 
m  n 


...  ?*  i (*J_t  +  w  t_) S 


(d) 


[W;4i,wn] 


(2.6a) 


(2.6b) 


In  the  particular  case  of  stationary  random  functions  the 
relation  (2.2)  becomes 

B(d)  [Vfjt  t  1  »  B (If jt  1  (2.7) 

III  f  II  II 

while  the  two-dimensional  spectrum  density  S^d*  [W;o;  ] 

becomes  m  n 

S(d)  [W;wm^n]=  ^  (<Jn}  S[W?twm]  (2.8) 

(«T(*J)  :Dirac's  generalized  function)  and  is  concentrated 

along  the  axis  44  =0. 

n 

The  canonic  expansion  (  8  J  of  non-stationary  random 
function 


W(t)  =  Z  a. (t)  W  . (t)  (2.9) 
i  1  81 

is  sometimes  used,  whereby  a.  (t)  are  (scalar)  determinis¬ 
tic  envelopes, .while  W  .  (t)  are  stationary  random  functions 
The  function  Bl  willoecome  in  this  case 


B(n) (W;t. 


,t2l=  z 

if  j 


ai(tl,aj(t2,BijtW;t2-tl] 


(2.10) 


whereby  B^.  are  cross-correlation  matrices.  The  represen¬ 
tation  (2.9)  is  a  basis  for  widely  used  techniques  of 
generation  of  artificial  accelerograms.)^. g. : [  1  ]).  The 

generalized  spectrum  density  matrix  S'  '  [W;«J  ,<a_]  can  be 
expressed  in  this  case  by  means  of  the  correlation  matrices 

Blj' 


-  5  - 


-i*JL_t 


“ldl  »»>»■«*>-&■  I  e  ’"f,  eijH,VBijn"V 


(2.11) 


wherebv  the  correction  functions  c..(aj,  t_)  will  be 

p-  _i*j  t  13  n,  n 

°ijl“n'V’  ~TF  J  6  “VW^VW21 


dt'l 

m 


(2.12) 


The  relationship  between  representations  A^  and  is 
dealt  with  in  section  2.5.  J 

% 

Any  of  the  representations  considered  (A. ,A_  or  A.,) 
requires  a  specification  of  a  model  of  ground  motion  as  a 
function  of  a  system  of  parameters  s.  (this  is,  desirably  , 
a  finite  system).  The  calibration  or  the  values  of  s^will 
define  a  ground  motion  according  to  this  approach. 

2 . 3 . Representations  of  Seismicity  at  a  Definite  Site 

The  sequence  of  seismic  events  at  a  site  is  described, 
in  this  frame,  by  means  of  the  sequence  of  systems  of 
values  of  the  parameters  s..  In  order  to  develop  opera¬ 
tional  techniques,  it  is  suitable  to  adopt  a  unic  ampli¬ 
tude-type  parameter  q  among  the  parameters  s,  .  This 
parameter  will  play  £he  role  of  a  common  factor  for  the 
amplitude  of  seismic  motion.  It  is  also  suitable  to  adopt, 
for  the  remaining  parameters  s.,  a  discretization,  thus 
defining  a  finite  system  of  families,  or  classes,  of  seis¬ 
mic  motions.  Motions  belonging  to  a  same  class  will  dif¬ 
fer  in  this  approach  only  by  the  value  of  q.  it  is  now 
possible  to  use  simple  probabilistic  models  in  order  to 
characterize  the  expected  frequency  of  occurrence  of  seis¬ 
mic  events.  A  most  simple  model  used  for  describing  this 
expected  sequence  is  poissonian.  Alternative  models  are 
used  too  (e.g. [  5  J). 

The  use  of  a  poissonian  model  leads  to  the  adoption, 
as  a  basic  parameter,  for  a  class  of  motions  (j) ,  of  the 
function  Nj(q/T.),  i.e.  the  expected  number  of  events 
exceeding  the  tnreshold  q,  for  a  time  period  T^.  This 
function  can  be  expressed  as  follows: 


Kj  Ui#Td)«Td  |  rij  (q')dq* 


(2.13) 


where  n^ (q)  is  a  density  of  expected  number  of  events, for 
unit  time  interval.  The  return  period  T ,  (q)  of  a  value  q 
can- be  introduced  now,  by  means  of  the  ^equation 


N j (q,  Tj (q) ) =1 
with  the  solution 

*o 

Tj (q) *  [J  n^ (q')dq"]' 


(2.14) 


C2-15J 

'  1  >.>  .  •' 
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The  expression  (2.13)  may  be  rewritten  now, 

Njtq/TjJ-T^Tjtq)  (2.16) 

The  probability  of  occurrence  of  inevents  with  amplitu¬ 
des  exceeding  q  will  be  given  by  a  Poisson  distribution, 

Gm-i  (q,Td)  =  f5i  (<a>  Ta)—  expL’-N.  (q,Td)  ]  (2.17) 

In  particular,  the  non-exceedance  probability  will  be 


Goj lq'Td)=exp[-Nj (q,Td) 


(2.18) 


2. 4. Basic  Relations  of  Linear  Structural  Dynamics 


Some  basic  relations  are  given  in  this  section, using 
mostly  the  Fourier  transforms  of  functions  of  time.  The 
Fourier  relations  between  a  function  of  time  f(t)  (the 
original)  and  its  transform  ?(«)  (the  image)  are 


f(w)  =  |^e-lcUtf  (t)  dt 


(2.19a) 

(2.19b) 


The  position  of  a  structure  is  assumed  to  be  determined 
by  the  values  of  a  finite  system  of  parameters,  its  DOF. 

It  is  suitable  to  consider  for  a  structure  in  relation  to 
the  developments  of  the  lecture,  two  categories  of  DOF 
(fig. 2.1) s 

-  the  DOF  of  the  interface  with  the  supporting  system 
(in  particular : the  ground) ,  which  determine  the  vector  U 
(t)  of  displacements  or  the  vector  W  (t)  of  acceleration!; 

-  the  DOF  of  elevated  points,  which  determine  a  vector 

of  absolute  displacements  Ua(t)  or  a  vector  of  absolute 

accelerations,  W  (t) . 
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A  relation 


W  (w)=  H  (oj)  W  (w) 
a  a  g 


(2 . 2o) 


exists  in  general  between  the  vectors  referred  to,  where 
H  (w)  represents  a  (matrix)  transfer  function  for  accele¬ 
rations  . 


It  will  be  assumed  that  the  motion  of  a  structure, sub¬ 
jected  to  a  system  of  given  forces  F(t)  is  given, for  ima¬ 
ges,  by  the  equation 


[-U  M+Kt^)]  U<w)=FM 


(2.21) 


where  M  is  an  inertia  matrix,  while  K(a^)  is  the  image  of 
a  visco-elastic  stiffness  matrix. 

In  order  to  specify  the  expression  of  the  transfer 
matrix  it  is  necessary  to  use  the  eigenvectors  and  the 
natural  circular  frequencies  of  the  dynamic  system  cor¬ 
responding  to  a  structure.  One  will  assume  that  a  classical 
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eigenvalue  problem  [  12  J  leads  to  the  eigenvectors  Vr 
normalized  with  respect  to  the  inertia  matrix  M, 

<  1  (r=s) 

=  V  (2.22a) 

a  1  o  (r*5) 


V>6 


v£k  (*>) 


(OJ 

**■{: 


^  (r=s) 


(2.22b) 


o  (r/s) 


The  complex  natural  circular  frequencies  (eigenvalues)will 
be 

"r^r  +2inr<Jrw'  (2.23) 


where  to  are  real  natural  circular  frequencies,  corres¬ 
ponding1^  the  motion  of  an  ideally  elastic  system,  as¬ 
sociated  to  the  structure.  One  will  use  also. the  reduced 
natural  circular  frequencies, 


*  r  2 

to  -  to  V  1-n 
r  r  Y  r 


(2.24) 


One  can  consider  two  situations: 

a)  the  motions  of  the  interface,  described  by  the 
vector  U  (t)  can  be  only  rigid-body  motions; 

b)  tne  motions  referred  to  may  be  arbitrary.  In  the 
first  case  it  makes  sense  to  use,  according  to  tradition, 
a  vector  of  relative  displacements,  U  .(t)  ,  defined  by  a 
relation 


urei (t)  =  Oa(t)-GU  (t)  (2.25) 

where  G  is  a  kinematic  matrix,  converting  the  rigid-body 
motion  of  the  interface  into  a  rigid-body  motion  of  the 
whole  structure. 


The  transfer  matrix  will  be,  in  the  first  case. 


EL  M  =  Z  h  {to)  V  vJmG  (2.25) 

cl  ^  ar  t  r 

In  the  second  case  the  use  of  relative  displacements  be¬ 
comes  a  non-sense,  while  the  use  of  absolute  displacements 
leads  to  the  expression 


HaM  = 


har(w)  vrvr*{u) 


(2.26) 


whereby  R(w)  is  a  cross- impedance  matrix,  for  which  one 
column  represents  a  system  of  forces  (complex  amplitudes) 
acting  along  the  DOF  corresponding  to  the  vector  Ua(t)  in 
case  when  a  unit  amplitude  motion  occurs  along  oneaDOF 
corresponding  to  one  component  of  the  vector  U  (t) . 


The  modal  transfer  functions 
2 
r 


harM 


cu 


“r 


(2.27) 
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intervene  in  noth  relations  (2.26)  and  (2.27).  It  may  be 
shown  that,  in  the  first  case  dealt  with » the  expression 
(2.27)  is  equivalent  to  the  expression  (2.26). 

The  deterministic  relation  (2.20)  leads  to  homologous 
stochastic  relations,  which  can  be  written  for  stationary 
or  non-stationary  motions.  In  case  of  stationary  motions, 
one  obtains 


•  (2'29> 

while  for  the  general  case  one  obtains 

S(n)  [Wa^W2]=K*(^)S(n)  tWg;o1^2JH^(cu2)  (2.30) 

2.5.  Response  Spectra  with  Controlled  Non-Exceedance 
Probabili ties .  ~ 

The  response  spectra  concerning  various  parameters 
Absolute  accelerations,  relative  velocities,  relative 
pseudo-velocities  etc.)  are  defined,  in  a  classical  sense, 
for  one  parameter  describing  the  response  of  a  dynamic 
system  and  for  one  fully  determined  seismic  event  (as  a 
rule,  a  recorded  accelerogram).  The  parameter  u  (t)  cha¬ 
racterizing  the  response,  the  weighting  function  of  the 
system,  h  (T,n;t)  of  the  system  dealt  with  and  the  (scalar), 
accelerogram  w  (t)  intervene  in  a  relation  written  for 
original  functions  (depending  on  the  time  variable) , 

us(t)=J  hus(T,n;t-f)wg(t')dt’  (2.31) 

The  response  spectrum  of  the  motion  w  (t)  ,  in  connection 
with  the  dynamic  sy  .em  and  the  parameter  referred  to,u 
(t) ,  will  be 

s^a) (T,n)*maxt[ ]  *  hus(T,n;t-t')wg(t')dt'|  (2.32) 

The  scalar  nature  of  the  parameter  u  (t)  is  essential  for 
the  definition  of  the  response  spectrum.  The  ground  motion 
may  be  characterized  here  by  a  scalar  w  (t)  or  a  (column) 
vector  W (t) .  In  the  latter  case,  the  function  h  (T,n;t) 
will  be  replaced  by  a  row-vector  .  The  dynamic  system  dealt 
with  is,  according  to  tradition,  an  SDOP  system.  One  can 
imagine  nevertheless  generalizations,  in  which  the  para¬ 
meter  u  (t)  represents  a  scalar  characteristic  of  an  NDOF 
system  (even  of  equipment  installed  on  a  structure) .  The 
definition  may^xtended  to  non-linear  systems  too. 

The  definition  of  a  design  spectrum  for  future  events 
to  affect  a  definite  site,  changes  the  data  of  the  problem, 
since  the  input  function  w  (t)  (or  W  (t))  is  no  longer  spe¬ 
cified  in  a  classical  sense,  but  is  to  be  predicted.  The 
impossibility  of  deterministic  prediction  of  the  input 
function  makes  impossible  the  determination  of  calculation 
of  absolute  maxima  in  the  classical  sense,  as  in  relation 


(2.32)  and  imposes  the  adoption  of  a  probabilistic  stand 
point.  The  spectrum  looked  for  must  be  defined  as  a  func¬ 
tion  of  (T,n)  characterized  by  a  specified  non-exceedance 
probability.  A  new  definition  requires  a  concern  for  two 
fundamental  aspects  of  the  random  nature  of  future  seis¬ 
mic  motions: 

a)  the  random  nature  of  seismic  motion  during  one  event, 
which  is  specified  in  a  "macroscopic"  way  (motion  of  a  spe¬ 
cified  intensity,  of  a  specified  predominant  frequency 
eta)  ,  by  means  of  specifying  the  parameters  s,  introduced 
in  sections  2.2  and  2.3; 

b)  the  random  nature  of  the  sequence  of  events  during 
the  lifetime  of  a  future  structure,  represented  by  the 
different  values  that  can  be  taken  by  the  parameters  s. 

(in  particular,  by  the  intensity  or  amplitude  q,  used  In 
section  2.3). 

The  design  spectra  defined  in  this  frame  may  be  deter¬ 
mined  using  two  main  approaches: use  of  representations  of 
category  A.  (stochastic  representations  using  second  order 
moments)  or  of  category  A, (representations  by  means  of  sys¬ 
tems  of  sample  accelerograms  corresponding  to  a  definite 
stochastic  model) .  The  main  steps  involved  by  each  of  the 
approaches  may  be  briefly  examined. 


The  basic  characteristic  to  be  used  in  connection  with 
the  representation  A,  in  order  to  estimate  the  exceedance 
probabilities  of  various  (positive)  values  by  the  absolute 


t?j=b'“' lu  ;tm  t],  which  may  be  obtained  as ,a. particuiai 
case  of  the  definition  (2.1).  The  function  b'  ' [u  ;t,t]= 
=b [u  ;t,o]  represents  the  instantaneous  variance  of 
u_ (t) .  The  r.m.s.  value 


«-lua;t]={b{n)  [us;t,t]}  1/2 


(2.33) 


can  be  determined  on  this  basis  and  this  makes  it  possible 
to  determine  the  instantaneous  exceedance  probabilities  of 
various  thresholds  (gaussian  distribution  assumed) .  The 
quantity  of  interest  is  nevertheless  the  probability  of 
exceedance  of  giVen  thresholds  at  least  once  during  one 
event  (first  passage  problem) .  Such  probabilities  will  be 
of  course  conditional,  upon  the  values  of  the  parameters 
s.  (section  2. 2,2. 3) , which  define  in  a  macroscopic  way  a 
motion  corresponding  to  a  definite  model.  In  case  a  defi¬ 
nite  class  of  motions  is  considered,  for  which  a  single 
variable  parameter,  q,  is  to  be  specified,  the  covariance 
bl  '  [u  ;t.  t,]  will  explicitely  depend  on  this  parameter. 

A  relation' 


*"[utf-tj=q  <T  luSQ;t]  ,  (2.34) 

where  u  (t)  corresponds  to  the  normalized  value  q«l,  will 
be  valid?  The  exceedance  probability  of  a  threshold  u 
during  one  event,  pl”  '  (vu) ,  will  be  a  functional  with  res¬ 
pect  to  the  r.m.s.  value"1  lu  ;tj  , 
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P(_)(V  =F{  Iuso;t],  q/um}  (2.35) 

This  functional  will  depend  not  only  on  the  ratio  q/u  as 
explicitely  specified,  but  also  on  the  time  dependence  of 
the  r.m.s.  value  Clu  ;t],  whereby  the  duration  of  the 
event  and  the  predominant  oscillation  frequency  (more  pre¬ 
cisely  their  product,  which  defines  the  number  of  loading 
cycles)  will  play  an  important  role.  It  is  not  possible 
to  derive  general  expressions  for  the  functional  F  (2.35), 
but  it  is  possible  to  carry  out  special  studies  for  defi¬ 
nite  classes  of  seismic  motions,  in  order  to  analyze  its 
dependence  on  the  parameters  s^  defining  the  motion. 


The  probability  of  exceedance  of  a  given  threshold  um 
during  a  specified  service  period  Td  may  be  determined  by 
means  of  appropriate  convolutions  between  the  probabilities 
pt-' (u  )  (2.35)  and  the  characteristics  of  seismic  activity 
dealt  with  in  section  2.3.  The  expected  number  of  cases  of 
exceedance  of  a  threshold  u^  will  be 

N(_)  (um'Td)=Td  i  P*”*  (umJ  (2.36) 

o 

whereby  the  subscript  j  used  in  section  2.3,  corresponding 
to  definite  classes  of  seismic  motions,  was  omitted.  The 
use  of  the  poissonian  model  makes  it  possible  to  derive 
relations  similar  to  (2.17)  or  (2.18)  in  order  to  estimate 
exceedance  probabilities.  As  an  example,  the  probability 
of  exceeding,  at  least  once,  a  threshold  um,  p1-'  (u^T^)  , 
will  be  given  by  an  expression 

p(_>(um'Td,=  1-exp  [-N (um,Td)]  (2.37) 


This  approach  makes  it  possible  to  define  design  spec¬ 
tra  with  specif ied  .non-exceedance  probabilities.  Such  a 
design  spectrum,  s^  ' (T,n,P ,Td) ,  whereby  the  arguments 
T  and  n,  characterizing  the  dynamic  system,  P'""  ,  charac¬ 


terizing  the  exceedance  probability  and  Td,  characterizing 
the  service  duration,  occur.  The  design  spectrum  will  be  a 


solution  of  the  functional  equation 


P(-)  {  s<a) (T,n,Pp-) ,Td) ,Td  }  -  P^_) 
whereby  P^~^is  a  suitable  exceedance  probability. 


(2.38) 


According  to  previous  remarks,  the  design  spectra  with 
specified  non-exceedance  probabilities  can  be  derived  also 
on  the  basis  of  representation  A2(i.e.  use  of  systems  of 
sample  accelerograms) ,  in  case  a  technique  of  generation  of 
artificial  Accelerograms  is  adopted.  A  Monte-Carlo  analysis 
of  the  system  of  output  functions  u  (t)  derived  for  dynamic 
systems  characterized  by  various  couples  (T,n)  makes  it 
possible  to  estimate  on  a  numerical  basis  conditional  pro¬ 
babilities  p'”f(ti)  (2.35),  as  functions  of  the  arguments 
(T,n).  The  use  of  subsequent  relations,  (2.36)  etc.  makes 
it  possible  to  derive  in  a  similar  way  design  spectra  with 
specified  (controlled)  non-exceedance  probabilities. 
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2.6. Specification  of  Verification  Criteria 

The  specification  of  design  spectra  was  considered,  in 
previous  section,  for  an  arbitray  parameter  ug.  The  para¬ 
meters  to  be  dealt  with  in  practice  are  diverse  (e.g. sab- 
solute  floor  acceleration,  absolute  equipment  acceleration, 
relative  displacements  of  different  structural  components 
etc).  Moreover,  it  may  be  of  interest  to  consider  multi- 
parameter  states  of  stress  etc.,  where  appropriate  combi¬ 
nations  of  internal  forces,  stresses  etc.  occur. 


It  is  suitable  to  briefly  discuss  at  this  place  the 
case  of  members  subjected  to  multi-parameter  loading, for 
which  some  results  of  rather  general  interest  can  be  ob¬ 
tained.  Consider  a  member  subjected  to  a  multi-parameter 
loading  defined  by  the  quantities  x. (e.g. ibending  moment 
along  two  orthogonal  directions,  related  to  a  section  of  a 
member) .  A  parameter  x  used  for  checking  along  an  oblique 
direction,  x^  (e.g.:a  bending  moment)  may  be  determined 
by  means  of  a  relation 

x  =  X  <*.x (2.39) 

«  .11 

l 

(oe^  may  be  here  cosines  of  a  direction)  .  The  parameters  x^ 
may  be  expressed  as 


x 


i 


z 

r 


*ir*r 


(2.40) 


whereby  y.  are  homologous  parameters,  corresponding  to 
the  normalized  eigen  vectors  Vr  (2.22) ,  while  qr  are  nor¬ 
mal  coordinates.  The  variance  of  x^  will  be  given  by  an 
expression 


<r2[x  ;  t] 


=  Z 

i  jrs 


“i* jyir*js  Vt)£*s(t) 


(2.41) 


Its  instantaneous  values,  considered  as  a  function  of  the 
OdSines  oc.  ,  will  determine  an  ellipse  or  an  ellipsoid  etc. 
(see  fig*2.2.  where  some  vectors  y  of  components  y.  are 
illustrated  too) .  The  condition  of  verification  may^be 
specified  as  a  condition  of  non-exceedance  of  a  boundary 
representing  a  certain  limit  state.  In  case  one  adopts  a 
probabilistic  philosophy,  ellipses,  ellipsoids  etc.  ob¬ 
tained  by  multiplying  the  r.m.s.  value  of  (2.41)  by  means 
of  a  variable  factor  m,  will  correspond  to  various  non¬ 
exceedance  probabilities,  while  an  exceedance  probability 
related  to  a  specified  boundary  (corresponding  to  a  defi¬ 
nite  limit  state)  will  be  obtained  by  means  of  integrating 
a  multi-dimensional  probability  density  corresponding  to 
the  r.m.s.  values  (2.41)  upon  the  domain  lying  outside  a 
specified  boundary  (associated  to  a  limit  state  dealt  with). 
This  is  a  startpoint  for  determining  conditional  exceedance 
probabilities  p'~  (  u  )  related  to  one  event  and  overall 
exceedance  probabilities  p'“  related  to  a  service 

period.  Seme  more  extended  developments  in  this  sense  are 
given  in  l  14  J ,  where  the  cases  of  time  dependent  masses 
or  intensities  of  non-seismic  loading  are  dealt  with  too. 
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2.7.  Specification  of  Ground  Motion  Models. 


The  motion  of  the  ground-stru^ ,ure  interface,  repre¬ 
sented  by  a  vector  W  (t) ,  was  considered  in  relation (2. 20) 
etc.  to  be  fully  specified.  That  means,  more  precisely, 
e  matrix  Bl  *  [Wit.  t,]  or  the  spectrum  density 


that  the  u»^  XA  «  VeJ  ux  uuc  opou  UL  wuu  ucuoxvy 

S  .  is  fully  specified. A  full  specification  in  this  sense 
requires  a  concern  for  ground  motion  models  to  make  pos¬ 
sible  a  stochastic  characterisation  for  each  DOF,  as  well 
as  corresponding  cross  characterizations.  Various  DOF, cor¬ 
responding  to  linear  and  angular  displacements,  must  be 
considered  in  this  connection.  Some  developments  in  this 
'‘sense  are  given  in  [  n  ] ,  {  }.  Some  recent  data,e.g. 

the  results  of  processing  and  interpretation  of  dense  net¬ 
work  data  [  .7  ]  can  usefully  contribute  to  the  calibra¬ 

tion  of  models  referred  to. 


2.8.  Amplification  Chains 


It  is  possible  to  meet  in  practice  situations  where 
various  distinct  partB  of  structures,  dynamically  interac¬ 
ting  ,  may  be  identified.  Zn  cases  when  equipment  compo¬ 
nents  installed' on  structures  have  small  masses  as  compa¬ 
red  to  those  of  the  structures,  it  is  possible  to  neglect 
dynamic  interaction  at  least  for  relatively  low  frequen¬ 
cies  and  to  assume  the  structural  motion  to  be  the  same  as 
in  the  absence  of  equipment.  In  such  cases  the  transfer 
matrices  H  (w)  occurring  in  (2.2o)  etc.  may  he  specified 
in  a  simple  way,  as  products  of  transfer  matrices  corres¬ 
ponding  to  different  amplification  steps.  A  common  case  is 
that  of  equipment  installed  on  a  structure ,  for  which  a 
transfer jnatrix  H  («J)  will  be  a  product  H  (tu)  H  («*>)  , 
whereby  H  fe*j)  converts  the  ground-structure  interface 
motion  into  motion  of  structure,  while  H  „ (o)  converts  the 
motion  of  the  structure-equipment  interface  into  motion  of 
the.  equipment.  Some  more  details  in  this  sense  are  given 
re.g.  in  (  3/2  ] ,  [  18  ) . 

Previous  developments  are  concerning  the  case  of  linear 
behaviour.  The  case  of  aon-linear  behaviour  can  be  dealt 
with  in  the  frame  of  a  similar  general  pholosophy,  yet  the 
practical  approach  will  require  as  a  rule  the  use  of  re¬ 
presentations  A2  and  of  incremental  Monte-Carlo  analyses 
(for  a  sequence  of  values  q  specified  previously) . 


3. SOME  POSSIBLE  WAYS  OF  SPECIFYING  SEISMIC 
CONDITIONS  FOR  STRUCTURES  AND  EQUIPMENT 

3.1.  General 


The  developments  of  section  2  put  to  evidence  some 

ehi”^02f<ilna*e8'orJ<3egree8  of  freed°®»  that  characterize 
the  problem  of  specifying  seismic  conditions  for  struc- 
ures  and  equipment.  It  is  suitable  to  be  aware  ot  the 
J*"*1 tive  Possibilities  in  this  field  and  to  develop  a 
le  aPPfoach  to  the  concrete  specification, adopting 
at  the  same  time  a  consistent  philosophy,  compatible  with 
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the  main  goal  of  controlling  seismic  risk. 

The  state  of  the  art  of  engineering  activities  and 
codes  is  characterized  by  a  level  one  use  of  probabilis¬ 
tic  concepts.  A  higher  level  approach  is  usable  currently 
primarily  in  research  activities.  It  is  suitable,  never¬ 
theless,  to  adopt  for  practice  formats  that  make  it  pos¬ 
sible  to  correlate  the  standard  level  one  approach  with 
higher  level  approaches  too. 

The  specif ication  of  seismic  conditions,  first  for 
structures  supported  by  the  ground,  then  for  equipment 
supported  by  structure, is  dealt  with  in  next  sections  peep¬ 
ing  in  view  the  basic  elements  discussed  in  section  2. 

3.2.  Structures  Supported  by  the  Ground 

Codes  used  in  current  practice  define  seismic  design 
loads  by  means  of  expressions  relying  on  model  analysis. 

As  an  example,  the  Romanian  code  [  20  1  defines  conven¬ 

tional  seismic  forces  S.  ,  along  DOF  k,  corresponding 
to  a  mode  r,  by  means  oran  expression 


e(c)  „ 

Skr  ~ckr  Gk 

(3.1) 

where 

ckr  =  ks  frt  Ikr 

(3.2) 

The  factors  of  the  right  members  are  : 

kg  :a  seismicity  factor  corresponding  to 
intensity  adopted; 

the  design 

A  ;a  dynamic  factor,  corresponding  to  a 
'  with; 

mode  dealt 

:a  factor  of  reduction  of  seismic  loads  keeping  in 
view  the  post-elastic  behaviour,  the  damping  capa¬ 
city,  the  strength  reserves  not  accounted  for  etc. 

*)kr:a  s^aPe  factor; 

G  ^  ;gravity  loads  corresponding  to  the  masses  that  can 
oscillate  along  a  DOF  k. 

The  shajfce  factor  ^kr  will  be  expressed  by  means  of 
normalized  eigenvectors  of  components  vkr,  as 

*|kr  =  vkr  k?"k,,mk ’k"  vk'rgk"  (3.3) 

where  rm  , k„  are  terms  of  the  inertia  matrix  M,  while  gkare 
components  of  a  column  vector  G,  that  replaces  the  matrix 
of  relations  (2.25)  ate.,  in  case  one  assumes  that  the  vec 
tor  W  C t)  may  be  replaced  by  one  single  component  of  it 
(assumption  on  single  direction  ground  motion) . 
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The  expression  (3.1)  is  equivalent  with  an  expression 
concerning  conventional  absolute  accelerations  w^r  , 


,<c), 

kr 


■«  Vr  r  *)kr 


(3.4) 


where  g  denotes  the  acceleration  of  gravity. 

Given  the  developments  of  section  2.5,  it  may  be  sta¬ 
ted  that,  as  a  first  approximation /Conventional  design  ac¬ 
celerations  w.  should  be  proportional  to  r.m.s.  values 
determined  by  means  of  a  stochastic  approach.  The  develop¬ 
ments  concerning  random  vibration  of  structures  subjected 
to  earthquake  motion  make  it  possible  to  derive  more  con¬ 
sistent  expressions  relying  on  the  use  of  stochastic  con¬ 
cepts.  In  case  one  considers  a  vector  Q  of  the  normal  co¬ 
ordinates  of  absolute  accelerations,  it  is  possible  to 
derive  for  the  covariance  matrix  the  expression  [  <3  ] , 


brs* [Q;tl,t2^ 


1 

“22 
CJ  (J 

r  s 


(3.5) 


whereby  V  are formalised  eigenvectors,  R  is  the  matrix 
homologous. to  R(u),  in  case  elastic  structural  behaviour  is 
assumed,  O'*  itf  ]  is  a  reference  variance  of  a  component  of 
W  (t)  .(say  translation  along  one  horizontal  direction) ,and 
Drs  ^Wa  1  -*-B  a  dynamic  factor  concerning  the 

non-dlmenaidnalized  ground  acceleration  vector 


W^o)  (t)< 


°*lV 


13.6) 


The  expression  of  D _ t.  t.J  is 

rs  g  l,z 


hgddj)  (1-ii^T^y  (l+i^VWJS 
d«^dW^ 


(n)  ,«(oJ 


IW, 


(3.7) 


T  t  represents  here  a  rheologic  characteristic,  the  re¬ 
tardation  time,  which  intervenes  in  a  Kelvin-type  cons¬ 
titutive  relation, 


«■-£(£+  Trete  )  (3.8) 

More  expressions  like  (3.5)  and  (3.7)  are  given  in  [  13  ] 

for  relative  or  absolute  displacements  and  accelerations, 
for  stationary  and  non-stationary  models.  The  full  system 
of  expressions  (3.7)  makes  it  possible  to  consider,  among 
other,  the  correlation  of  normal  coordinates  and  to  gene¬ 
ralize  on  this  basis  the  rule  of  quadratic  summing  up  of 
model  effects. 

The  factor  O’  [wg]  plays  here  the  role  of  the  product 
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g  k  of  (3.4),  while  the  matrix  D rs  iwi  ;tj.  t2^  homo“ 
logous  (in  a  generalized  manner)  to  tne  product  of  the 
dynamic  A  and  of  the  shape  factor  i^.  of  (3.2)  etc.  It 
turns  outamong  other  that,  in  the  general  case  it  is  no 
longer  possible  to  replace  the  matrix  D  (V?'  ;t^  t2]  ^y 

means  of  a  product  of  factors  equivalentsto^r  and 
respectively. 


The  basic  problem  raised  by  the  task  of  specifying 
seismic  conditions  according  to  the  latter  relations  re¬ 
mains  that  of  specifying  the  matrix  s'  '  [W  cj,]  •  Some 
remarks  and  recommendations  may  be  presented  lA  this  con¬ 
nection,  considering  the  cases  of  structures  supported  by 
a  single,  rather  rigid,  foundation  and  of  multi-support 
structures  respectively .  These  remarks  could  be  conside¬ 
red,  perhaps,  rather  in  relation  to  the  classical  spec¬ 


trum  densities  S . . 
Bij  of  (2.11) .  13 


corresponding  to  the  covariance  matrices 


In  case  of  structures  supported  by  one  connexe  founda¬ 
tion  that  is  rather  rigid,  the  dimension  of  matrices  S. ., 
S'  ,  B.  .  etc.  will  be  not  larger  than  6x6,  correspoft^- 
ding  to1^  rigid-body  motion  of  ground-structure  interface 
A  6  x  6  S  -  matrix  will  be  diagonal,  except  perhaps  for 
terms  S. .  concerning  translation  along  one  horizontal 
direction  and  rotation  in  a  corresponding  vertical  plane 
(that  includes  the  horizontal  direction) ,  that  will  become 
non-zero  due  to  ground-structure  interaction  phenomena. 
Some  isotropy  properties  of  ground  motion  may  be  postula¬ 
ted  unless  firm  seismological  information  supports  an  op¬ 
posite  conclusion.  The  isotropy  assumption  means  that  terms 
skk  corresPondin9  to  different  horizontal  translation 
directions  will  be  identical ,  and  that  terms  s^  corres¬ 
ponding  to  rotations  in  different  vertical  planes  are  iden¬ 
tical  too.  On  the  other  hand,  it  may  be  stated  that  the 
diagonal  term  s,o  corresponding  to  vertical  translation 
will  have  a  different  expression  as  compared  with 
and,  in  the  same  way,  the  diagonal  term  corresponding  to* 
rotation  in  a  horizontal  plane  could  be  different  as  com¬ 
pared  to  those  corresponding  to  rotation  in  a  vertical 
plane. 


In  case  of  multi-support  structures  in  becomes  neces¬ 
sary  to  consider  coherence  characteristics  for  motions 
along  parallel  directions  ar  different  points.  The  coherence 
will  be  maximum  in  case  of  negligible  distance  between 
points  and  will  tend  to  zero  in  case  of  increasingly  large 
distances. 


Sane  analytical  developments  an  this  subject  [  n  ]  put  to 
evidence  the  importance  of  two  similitude  criteria,  namely 
the  rotation  amplitude  criterion 


and  the  phase  lag  criterion 


(3.9) 


JL6 


(i.lo) 


(c  s  a  characteristic  wave  propagation  velocity  ; eJ : cir¬ 
cular  frequency  of  spectral  component  dealt  with;  d:  re¬ 
lative  distance;  u:  amplitude  of  translation  (acceleration) 
amplitude  of  rotation  (acceleration) ;dy:phase  lag  for 
spectral  component) . 


Some  developments  of  section  2.5  were  devoted  to  de¬ 
riving  of  design  spectra  with  controlled  non- exceedance 
probabilities  on  the  basis  of  stochastic  models  of  ground 
(notion.  This  approach  can  be  considered  as  a  direct  ap¬ 
proach,  leading  to  design  spectra  on  the  basis  of  spectrum 
densities,  provided  the  spectrum  densities  sore  specified. 
One  can  consider,  conversely,  the  problem  of  deriving  spec¬ 
trum  densities  compatible  with  some  specified  design  spec¬ 
tra.  The  Wiener-Khintchin  relations  (classical  or  genera¬ 
lized)  make  it  possible  in  this  case  to  develop  integral 
equations  (Fredholm  'type)  on  the  basis  of  which  spectrum 
densities  can  be  derived.  This  possible  approach  raises 
nevertheless  difficulties,  Bince  the  design  spectra  spe¬ 
cified  for  some  given  site  are  to  a  great  extent  the  out¬ 
come  of  engineering  judgement  and  may  lead  to  funny  solu¬ 
tions  of  integral  equations.  Some  tentative  analyses  car¬ 
ried  out  recently  in  this  direction  in  INCERC,  in  order  to 
derive  design- spectrum-compatible  spectrum  densities  and 
to  generate  on  this  basis  artificial  accelerograms  were 
nevertheless  encouraging,  at  least  in  order  to  derive 
same  first  approximations  of . spectrum  densities ,  that  were 
improved  afterwards  step-by-step. 

A  last  aspect  to  be  dealt  with  here  is  that  of  dif¬ 
ferent  formats,  corresponding  respectively  to  different 
levels  of  probabilistic  approach  to  risk  analysis.  The 
specif ication'  of  one  design  spectrum  for  a  definite  site 
will  correspond,  as  mentioned, to  a  first  level  approach. A 
higher  level  approach  will  require  an  explicit  concern  for 
specifying  characteristics  of  classes  of  motions,  according 
to  the  definitions  given  in  section  2.3.  A  reference  charac¬ 
teristic  of  expected  ground  motions,  corresponding  to  an 
amplitude  q*l  should  be  specified  for  each  class  of  motions 
(this  could  be  a  response  spectrum  or,  better, a  stochastic 
characteristic  corresponding  to  a  definite  ground  motion 
model)  and,  besides  this,  information  on  the  recurrence 
characteristics  N(q,T)  or  n(q)  should  be  provided.  In  case 
this  information  is  made  available,  it  will  be  possible  to 
use,  alternatively,  a  first  level,  or  a  higher  level,  ap¬ 
proach  to  risk  analysis. 

3.3.  Equipment  Installed  on  a 'Structure 

The  approach  used  as  a  rule  in  current  practice  in 
order  to  specify  design  conditions  for  equipment  installed 
on  structures  is  that  of  deriving  floor  response  spectra 
(FR8) .  FRS's  rely  on  the  same  information  on  ground  motion 
as  ground  response  spectra  do,  plus  on  inf qxjmUham  *•' ' 

dynamic  characteristics  of  the  struetmefc)  supporting  the 
equipment  dealt  with. 
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Techniques  developed  in  order  to  derive  FRS's  rely  as  a 
rule  on  the  assumption  of  linear  behaviour  of  structure 
and  equipment  both.  It  must  be  emphasized, nevertheless, 
that  one  must  check  whether  the  high,  or  very  high, values, 
obtained  sometimes  for  FRS's  are  realistic,  in  the  sense 
that  the  structure  dealt  with  is  able  to  transmit,  in  a 
linear  stage  of  behaviour,  the  high  accelerations  corres¬ 
ponding  to  linear  response  spectra.  That  is  in  order  to 
avoid  unduly  conservative  design  conditions  for  equipment. 
There  occurred  a  few  cases  in  INCERC,  for  which  it  was 
obviously  necessary  to  reject  results  obtained  from  linear 
analysis  and  to  derive  FRS's  on  the  basis  of  non-linear 
analysis  of  the  main  structures. 

A  next  problem  of  first  importance  is  that  of  specify¬ 
ing  appropriate  criteria  for  equipment  verification. There 
will  be  cases  as  mentioned,  in  which  criteria  are  related 
to  absolute  acceleration  (along  what  directions  ?)  or  to 
relative  displacements,  perhaps  between  neighbouring 
structures  (again,  along  what  directions  ?)  etc.  Some 
basic  relations,  lying  at  the  basis  of  possible  approaches 
to  situations  characterized  by  the  use  of  different  cri¬ 
teria  were  presented  in  sections  2.4  and  2.5  in  this  con¬ 
nection. 

Engineering  activities  related  to  the  design  of  equip¬ 
ment  raly  generally  on  a  philosophy  that  will  not  exceed 
the  level  one  probabilistic  approach.  The  technical  in¬ 
terest  of  designers  will  be  focused  therefore  to  the  use 
of  design  spectra  (FRS) .  This  approach  is  in  good  agre¬ 
ement  also  with  the  need  of  testing  of  some  equipment  com¬ 
ponents  in  order  to  obtain  a  corresponding  earthquake 
qualification.  According  to  the  philosophy  of  current  ac¬ 
tivities,  the  succesive  cyfales  of  testing  for  qualifica¬ 
tion  should  be  such,  as  to  cover  an  FRS  specified  for  the 
equipment  dealt  with.  One  must  mention  here,  nevertneless, 
that  any  response  spectrum  (FRS)  defined  in  a  classical 
sense  cannot  say  anything  about  the  simultaneous  motion 
along  different  directions.  The  qualification  activities 
will  require,  therefore,  either  additional  information  of 
this  nature,  to  complete  the  FRS  information  or,  according 
to  some  approaches,  a  definite  increase  in  the  severity  of 
action  along  one  direction,  to  compensate  for  neglecting 
during  testing  activities  the  action  occurring  along  other 
directions . 


Various  algoritms  were  developed  in  literature  in  re¬ 
lation  to  FRS  analysis.  Some  data  on  an  algorithm  recently 
developed  in  INCERC,  that  may  be  used  in  order  to  derive 
FRS's  related  to  any  type  of  linear  criterion,  are  given 
here.  The  programs  developed  in  this  frame  were  succes¬ 
sfully  used  for  some  practical  purposes.  The  ground  mo¬ 
tion  is  represented  by  a  classical  (normalized)  spectrum 
density 


2*  _ w2+«2+^  _ 

T  w4+  2(«2-p2)o2+(*2+f2)2 


( 3 .  n ) 
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The  stationary  ground  motion 
deterministic  envelope 

{U-tjJ/ttj-t.) 

1  1 

(t4-t)/<t4-t3> 

to  account  for  the  non- stationary  character  of  motion.  The 
ratio  at /8  for  the  ground  motion  is  kept  constant  and  re¬ 
latively 'low  (say,  around  .1).  The  variance  of  acceleration 
of  an  SDOF  system  of  characteristics  (T  ,n  )  to  account  for 
the  ground  response  spectrum (GRS) is  determined  for  various 
values  T  and  for  n  corresponding  to  structure  damping,  with 
attention  to  values ST  2fl/d  ,  in  the  neighbourhood  of  the 

ground  motion  spectral  peak1.  The  FRS  corresponding  to  a 
specified  criterion  and  to  the  same,  input  values  of  (•»,£) 
is  determined,  for  T  *T  ,  for  n  as  said  and  for  the  systan 
of  values  n  of  intefesl  for  the  equipment.  The  ratio  FRS/ 
GRS  in  the  neighbourhood  of  spectral  peak  is  assumed  to  be 
correctly  determined  for  the  value  T  =T  •*2ff/8  and  the  FRS 
values  for  different  values'  nQ  are  derived  by  multiplying 
the  GRS  value  with  the  ratios  FRS/GRS. computation  is  re¬ 
peated  for  values  corresponding  to  the  system  of  values 
T  of  interest  for  the  equipment.  The  FRS  function  for  va¬ 
rious  values  of  n  will  be  determined  from  envelopes  of 
the  system  of  spectral  peaks  corresponding  to  different 
values  T  =  2Y/p .  Computations  are  particularly  fast  ibr  a 
stationary  ground  motion  model  (3.11),  since  exact  algeb¬ 
raic  relations  based  on  the  use  of  residue  techniques  [12  ] 
are  applied.  It  must  be  noticed,  on  the  other  hand,  that 
the  stationarity  assumption  leads  to  conservative  estimates. 

2.4.  Some  Suggestions  Concerning  Design  Regulations 

The  current  state  of  the  art  makes  it  possible  defini¬ 
tely  to  introduce  improvements  in  the  design  regulations 
concerning  the  specification  of  seismic  conditions.  This 
r"efers  to  the  conditions  for  structures  supported  by  the 
ground  as  well  as  for , equipment  installed  on  structures. 
Some  main  suggestions  that  may  be  formulated  in  connec¬ 
tion  with  the  developments  of  this  lecture  are: 

a)  adoption  of  a  harmonized  conceptual  basis  for  the 
specification  of  ground  and  floor  design  parameters, with 
an  opening  towards  higher  level  probabilistic  techniques; 

b)  providing  of  full  information  on  the  characteristics 
of  the  vector  W  (t) ,  including  cross-information  on  its 
components,  for’various  types  of  ground- structure  inter¬ 
faces  with  an  opening  towards  explicit  use  of  stochastic 
representations ; 

c)  development  of  specific  criteria  for  various  cate¬ 
gories  of  equipment  for  the  cases  of  one-point  or  multi¬ 
point  supporting  systems; 

d)  recommendations  on  techniques  of  specifying  floor 
design  conditions  in  cases  when  structures  are  likely  to 


is  possibly  multiplied  by  a 


(tct.) 

(t.*t<t_) 

(t2*t<t|) 

(t-«t<t.) 

(tjdt) 


(3.12) 
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perform  non-linearly . 

4.  FINAL  REMARKS 

The  current  state  of  the  art  makes  it  possible  to  intro¬ 
duce  significant  improvement  in  the  specification  of  seis¬ 
mic  design  conditions  for  structures  and  equipment  both, yet 
thereare  some  directions  in  which  there  is  an  obvious  need 
for  research.  Some  main  aspects  of  interest  are  emphasized 
here  in  this  connection. 

1.  Models  concerning  the  seismic  motion  must  still  be 
developed  at  both  levels: ground  motion  during  one  event 
and  sequence  of  various  seismic  events.  Such  models, basi¬ 
cally  of  probabilistic  nature /Should  depend  on  a  finite 
system  of  parameters  and  extensive  work  on  calibration  for 
specific  local  conditions  should  be  carried  out. 

2.  Alternative  formats  for  the  specification  of  seis¬ 
mic  design  conditions  in  accordance  with  the  requirements 
of  level  one,  as  well  as  of  higher  level  probabilistic 
approaches , should  be  developed  for  implementation  in  codes. 

3.  Work  on  specific  criteria  for  the  verification  of 
various  categories  of  equipment, taking  into  account  the 
3D  motion  of  structure  and  equipment  is  necessary  too. 

FRS  analysis  techniques  should  be  made  compatible  with 
these  criteria. 

4.  Techniques  for  deriving  GRS-and  FRS-type  design 
parameters  corresponding  to  various  alternative  stochastic 
models  of  ground  motion  and  risk  analysis  philosophies 
should  be  further  on  developed. 
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Summary 


Masonry  has  been  traditionally  the  mostly  widely  building  process 
used  in  construction,  especially  in  the  mediterranean  area,  despite 
its  poor  behaviour  when  subjected  to  strong  earthquake  ground  motion. 

After  analysing  the  reasons  for  such  a  widely  used  material, 
the  typical  systems  of  structural  masonry  are  described,  and  their 
behaviour  under  seismic  loads  discussed.  Examples  depicted  from 
past  earthquakes  occurred  in  the  mediterranean  area  (Agadir  1960, 
El  Asnan  1980,  Azores  1980,  etc.)  illustrate  the  presentation. 

The  paper  concludes  with  the  main  guide-lines  towards  mitigation 
of  damage  in  masonry  buildings  built  in  zones  of  moderate  and  high 
seismicity.  It  stresses  that  it  is  possible  to  provide  adequate 
seismic  resistance  through  simple  and  general  code  provisions,  adapted 
to  local  conditions  of  materials  and  construction  technologies. 
International  cooperation  among  researchers,  designers  and  the  building 
industry  in  the  mediterranean  countries,  is  also  emphasized  as  an 
excellent  form  to  mitigate  damage  in  masonry  construction  in  these 
countries. 


1)  Director  LNEC  (National  Laboratory  of  Civil  Engineering),  Lisbon 
President  EAEE  (European  Association  of  Earthquake  Engineering) 


1.  INTRODUCTION 


Masonry  is  extensively  used  in  building  construction.  In  southern 
Europe,  North  Africa  and  Middle  East  it  has  been  a  traditional  process 
over  the  centuries,  even  in  high  seismicity  zones,  despite  its  poor 
behaviour  when  subjected  to  strong  shocks.  Stone,  adobe,  brick  and 
more  recently  concrete  blocks  have  been  widely  used  both  as  a  structu¬ 
ral  or  a  filli.  g  material.  In  dwelling  units  and  small  buildings 
up  to  three  storj.es  masonry  is  generally  used  as  a  structural  element. 
In  tall  buildings,  masonry  (brick  or  concrete  blocks)  is  mostly 
used  as  infill  walls  built  after  the  main  structure  is  completed. 

There  are  several  reasons  why  masonry  construction  is  so  wide¬ 
spread  in  the  mediterranean  area.  The  prime  materials  are  abundant 
and  cheap,  easy  to  obtain,  the  construction  requires  simple  technolo¬ 
gies  and  is  undoubtfully  quite  suitable  to  local  climate  conditions. 

However,  as  far  as  seismic  resistance  is  concerned,  masonly 
buildings  often  exhibit  a  poor  performance  due  to  heavy  weight,  low  ten¬ 
sile  and  shearing  resistance,  lack  of  adequate  structural  connections, 
poor  quality  of  construction  and  deterioration  of  strenght  with 
passage  of  time.  T.iey  don't  have  the  ductility  required  to  absorb 
the  energy  input  of  strong  or  even  medium  earthquakes.  As  a  conse¬ 
quence,  the  collapse  of  masonry  buildings  has  certainly  been  the 
major  source  of  loss  of  life  and  of  material  damages  caused  by  earth¬ 
quakes. 

Some  countries  have  seriously  considered  to  ban  or  severely 
restrict  the  use  of  masonry  in  seismic  zones.  The  progress  of  earth¬ 
quake  engineering  has  however  provided  a  comprehensive  view  of  masonry 
characteristics  and  shown  that  it  is  possible  to  mitigate  the  problems 
of  its  use  as  a  structural  material  in  seismic  areas. 

The  present  notes  are  intended  to  review  the  main  aspects  of 
such  problems  and  the  solutions  that  are  currently  adopted. 


2.  TYPICAL  SYSTEMS  OF  STRUCTURAL  MASONRY 


Masonry  is  typically  used  in  one  of  the  following  shear  wall 
structural  systems: 

-  Simple,  nonreinforced  masonry,  made  of  blocks  and  mortar. 

-  Reinforced  masonry,  having  steel  bars  embeded  in  the  mortar , 
in  horizontal  and  for  vertical  layers,  to  provide  some  ductility 
and  additional  resistance  . 

-Confined  (or  bounded)  masonry,  with  wall  masonry  panels  bounded 
by  reinforced  concrete  dintels  and  columns  poured  after  the  masonry 
panels  are  assembled,  in  order  to  get  a  good  connection  between 
diatels,  columns  and  the  masonry  itself* 

-  Infill  walls  within  framed  structures.  In  this  case  masonry 
is  not  considered  to  make  part  of  the  main  structure,  designed  to 
carry  vertical  and  horizontal  loads.  However  the  structural  interaction 
between  the  framed  structure  and  the  infill  walls  is  of  great  impor¬ 
tance  as  far  as  seismic  actions  are  concerned  and  must  be  taken 
upon  consideration. 

Simple',  nonreinforced  "masonry  has  been  largely  used,  with 


poor  results,  evidenced  whenever  such  constructions  are  subjected 
to  earthquakes,  even  of  moderate  intensity.  The  material  is  stiff 
and  can  have  a  considerable  resistance  under  monotonic  slow  loads 
but  is  weak  in  tension  and  brittlein  compression,  with  little  ductility 
under  dynamic  actions  and  imposed  deformations.  Therefore  it  cracks 
very  easily,  it  looses  its  cohesion,  failing  to  bear  floor  and  roof 
loads  very  quickly. 

Experience  has  clearly  shown,  very  often  in  dramatic  conditions, 
that  simple  masonry  is  not  adequate  in  seismic  zones.lt  should  be 
noted  that  even  in  non  seismic  zones  its  behaviour  as  a  structural 
system  is  poor,  due  to  being  very  sensible  to  cracking  caused  by 
thermal  actions,  foundation  settlements,  etc. 

Reinforced  masonry  is  rather  used  in  some  countries,  namely 
Italy  and  New  Zealand.  The  reinforcement  can  be  provided  by  bars, 
inside  the  blocks  (vertical),  embeded  in  the  horizontal  joints  or 
inside  the  coating  mortar,  or  by  welded  mesh  of  small  diameter  steel 
embeded  in  the  coating  mortar.  The  reinforcement  can  be  concentrated 
in  local  zones  (near  door  and  window  openings)  or  uniformely  placed. 

The  structural  behaviour  of  reinforced  masonry  is  much  better, 
than  the  one  of  simple  masonry.  It  is  not  a  widely  used  system  in 
the  mediterranean  area,  possibly  due  sto  requiring  skilled  labour 
and  a  construction  technology  that  is  considerably  different  from 
the  traditional  one  .  Also  there  is  lack  of  basic  research  and  of 
simple  design  procedures  and  codes  and  standards  in  this  field. 
It  is  felt  that  it  should  be  an  important  topic  of  research,  since 
it  can  provide  in  several  situations  better  solutions  than  the  ones 
obtained  by  the  use  of  confined  masonry. 

Confined  (bounded)  masonry  is  by  large  the  most  common  process 
of  using  resistant  masonry  in  small  buildings.  It  is  a  traditional 
method  of  construction  in  most  mediterranean  countries,  not  only 
in  buildings  but  also  in  retaining  walls,  reservoirs,  etc.  It  does 
not  require  very  skilled  labour  or  sophisticated  mechanical  equipment, 
sine'  floor  loads  are  consecutively  carried  by  the  confined  masonry. 
Also  it  allows  to  separate  the  tasks  of  placing  the  masonry  itself 
and  the  confinement,  which  is  very  convenient  for  the  construction 
process . 

Confined  masonry  is  currently  used  in  dwelling  units  and  in 
small  buildings  up  to  three  stories,  even  in  zones  of  strong  seismic¬ 
ity.  Such  buildings  are  considered  as  non-engineered  in  several 
codes,  such  as  the  1958  Portuguese  Code,  presently  under  revision. 
In  general  the  codes  prescribe  maximum  general  dimensions,  distance 
between  resistant  walls,  vertical  and  horizontal  confinements,  mechan¬ 
ical  resistance  of  the  masonry  and  mortar  and  concrete  and  steel 
section  of  confinement  elements. 


a)  The  term  "non-engineered  building"  applies  to  a  building  whose 
design  for  seismic  actions  is  based  mostly  on  a  set  of  specifications 
derived  from  observed  behaviour  of  such  buildings  during  past  earth¬ 
quakes  using  engineering  judgment. 


3  .  BEHAVIOUR  OF  MASONRY  DURING  EARTHQUAKES 


The  behaviour  of  masonry  under  seismic  areas  is  nowadays  well 
known.  The  technical  literature  on  earthquake  engineering  presents 
very  complete  information  on  the  subject.  Engineering  surveys  after 
earthquakes  have  reported  the  damage  suffered  by  different  types 
of  masonry  construction,  relating  such  damage  with  the  characteristics 
of  the  ground  motion,  of  the  masonry  and  of  the  structural  systems. 
Such  reports  cover  seismic  activity  in  the  Baalkan  countries,  Italy, 
Spain  and  Portugal,  North  Africa  and  many  other  zones.  It  is  interest¬ 
ing  to  remind  the  similarities  of  masonry  construction  in  all  these 
countries  and  therefore  the  common  features  of  earthquake  damage 
pattern. 

(Follows  15  min.  film  about  Agadir,  Morocco  earthquake  of  1960 
and  slides  showing  damage  in  masonry  after  several  earthquakes  namely 
in  the  mediterranean  area) 

The  main  conclusions  of  all  such  surveys  clearly  point  out 
as  aforesaid  that  simple  nonreinforced  masonry  is  not  all  adequate 
and  that  reinforced  and  confined  masonry,  when  properly  designed 
and  built,  are  a  simple  and  economic  process  of  providing  seismic 
resistance  to  small  buildings,  thus  saving  human  lifes  as  a  primary 
concern,  avoiding  collapse  and  mitigating  structural  and  non-structural 
damage. 


4  .  DYNAMIC  BEHAVIOUR  OF  MASONRY  BUILDINGS 


The  dynamic  behaviour  of  resistant  masonry  small  buildings 
is  very  complex.  In  fact  the  high  stiffness  to  horizontal  loads 
originates  very  high  accelerations  and  inertial  forces.  Consequently 
it  is  not  permissible  to  model  floors  as  rigid  diaphragms  in  their 
plane  as  is  usually  assumed  for  tall  buildings.  Also  thewall  panels 
should  be  modelled  as  plates  or  as  vertical  slabs  according  to  the 
direction  of  seismic  actions  being  considered.  Finally  the  foundation 
deformabllity  must  be  taken  in  to  consideration  due  to  the  high 
stiffness  of  the  superstructure. 

However,  although  the  real  dynamic  behaviour  of  such  structures 
is  very  complex,  it  is  not  sound  to  use  very  sophisticated  models 
for  their  design,  but  rather  to  establish  simple  provisions,  adapted 
to  local  materials  and  construction  technologies  and  based  on  numerical 
and  experimental  studies  whose  results  and  conclusions  can  be  settled 
in  codes. 

Such  studies  have  been  carried  out  in  many  research  centers, 
using  different  types  of  materials  and  structural  systems.  Results 
are  analysed  and  compared  with  those  obtained  by  inspection  of  the 
behaviour  of  real  structures  subjected  to  earthquakes. 

The  following  slides  present  some  seismic  studies  performed 
at  LNEC  (Lisbon)  on  traditional  and  prefabricated  shear  wall  buildings. 

As  mention'd  before,  the  results  obtained  in  such  studies  have 
enabled  the  progress  of  code  provisions  for  safer  masonry  buildings 
in  seismic  zones.  In  Portugal  the  code  for  small  buildings  with 


confined  brick  or  concrete  block  masonry  is  under  revision.  The 
more  important  provisions  of  the  draft  under  preparation  are  presented 
in  the  Appendix. 

Most  of  those  provisions  have  already  been  applied  in  the  recon¬ 
struction  at  the  Azores  islands  affected  by  a  strong  earthquake 
in  January  1980. 


5.  FINAL  REMARKS 

The  following  general  statements  and  conclusions  should  be 
derived  from  the  present  notes: 

5.1.  Small  buildings,  up  to  three  floors,  with  resistant  masonry 
are  very  common  in  mediterranean  countries  and  therefore  of  great 
economic  and  social  impact. 

5.2.  It  is  possible  to  provide  adequate  seismic  resistance 
for  this  type  of  buildings,  in  zones  of  moderate  or  even  of  strong 
seismicity,  as  are  the  ones  in  that  region. 

5.3.  As  these  buildings  are  usually  of  non-engineered  construc¬ 
tion,  the  best  way  to  provide  seismic  safety  is  through  simple  and 
general  code  provisions,  adapted  to  local  conditions  of  materials 
and  construction  technologies. 

5.4.  The  similarities  of  these  type  of  construction  in  many 
mediterranean  countries  should  stimulate  the  international  cooperation 
among  researchers,  designers  and  the  building  industry.  The  European 
Association  of  Earthquake  Engineering  (EAEE)  is  willing  to  pursue 
its  efforts  in  promoting  such  a  cooperation. 
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APPENDIX 


Draft  of  revised  Portuguese  code  provisions  for  the  seismic 
design  of  small  buildings  of  confined  masonry 

1.  Object  and  scope  of  provisions 


These  provisions  apply  only  to  small  buildings  and  enable  to 
part  with  explicit  structured  design  methods  as  far  as  seismic  actions 
are  concerned.  The  characteristics  of  such  small  buildings  are  the 
following: 

.  Buildings  with  resistant  confined  masonry  of  brick  or  concrete 
blocks 

.  Housing  and'  dwelling  buildings  where  no  concentration  of 
people  is  predictable 

.  Maximum  floor  area  200  sqm 

.  Maximum  number  of  stories:  two  in  seismic  zones  A  and  B  or 
three  in  seismic  zones  C  and  D 

.  Maximum  floor  height  of  3.20  m 


2.  STRUCTURAL  CONCEPT 

The  confined  masonry  panels  must  be  disposed  along  two  orthogonal 
directions.  Geometrical  characteristics  and  stiffness  should  be 
such  to  avoid  or  to  attenuate  assymetry.  All  panels  shoul  be  completely 
confined  and  interconnected.  Spans  shoul  be  regular  along  the  various 
floors. 

Foundation  should  be  monolithic,  acting  as  a  grid  in  order 
to  confine  all  the  panels  base. 


3.  MASONRY  CHARACTERISTICS 


This  section  establishes  geometric  and  mechanical  characteristics 
of  the  masonry  -  bricks,'  concrete  blocks  or  even  regular  stone. 
In  the  ,  case  of  bricks  and  concrete  biocks,  the  maximum  percentage 
of  voids  is  o.60.  The  minimum  thickness  of  the  septs  is  9  mm  for 
bricks  and  25  mm  for  concrete  blocks. 

The  mortar  must  have  a  characteristic  compressive  resistance 
at  28  days  of  8MPA  (80  kgf/cra' ),  determined  according  to  the  Portuguese 
standard. 


b)  The  following  macrozoning  basis  has  been  considered:  • 

Zone  A  -  Seismic  zone  of  Destruction  Risk  (NMI  IX  or  more  is 
probable) 

Zone  B  -  Seismic  zone  of  Heavy  Damage  Risk  (MU  VIII  is  probable) 

Zone  C  -  Seismic  zone  of  Moderate  Risk  (MII  VII  is  probable) 

Zone  D  -  Seismic  zone  of  Little  Risk  (M(I  VI  or  less  is  probable) 


The  minimum  compression  resistance  of  masonry  elements  is  2.5 
MPA  (25  kgf/cm* )  referred  to  the  apparent  external  cross  section. 

The  minimum  cross  section  of  confined  walls  at  each  level  and 
on  each  main  orthogonal  direction  cannot  be  less  than  0.04  (seismic 
zones  A,  B)  or  0.03  (zones  C,  D)  of  the  floor  area.  In  that  cross 
section  walls  having  thickness  12  cm,  walls  above  or  bellow  door 
and  window  openings  should  not  be  considered.  All  wall  zones  having 
ratios  lenght/height  smaller  than  0.40  should  be  neglected  in  the 
cross  area  estimation.  The  same  applies  to  wall  zones  having  horizontal 
ducts  affecting  more  than  0.20  of  the  masonry  resistance. 


4.  CONFINEMENTS 


The  confinements  should  limit  all  the  wall  panels.  They  are 
made  of  reinforced  concrete  columns  and  dintels.  The  materials  must 
follow  the  general  prescriptions  of  concrete,  steel  and  reinforced 
concrete.  If  these  elements  are  used  not  only  as  confinement  for 
seismic  actions  but  also  to  support  other  types  of  loads  they  must 
be  designed  accordingly. 

Columns  should  occur  at  building  corners,  at  the  intersection 
of  all  resistant  masonry  panels  with  a  maximum  spacing  of  5  m. 

Dintels  should  occur  at  floor  levels  and  at  the  roof  level. 
Cross  sections  should  have  20  cm  minimum  height  and  a  minimum  width 
equal  to  the  width  of  the  confined  masonry,  not  less  than  15  cm. 

Reinforcement  must  have  a  minimum  of  4  bars,  10  mm  diameter 
for  hard  steel  A400  or  12  mm  for  wild  steel.  Stirrups  should  have 
minimum  diameters  of 6  mm  spaced  at  15  cm. 


5.  FLOORS 


The  draft  includes  some  provisions  concerning  floors,  made 
of  reinforced  concrete  slabs  of  several  types. 
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RESPONSE  OF  ELASTIC  FRAMES  TO  SEISMIC  ACTIONS 


1.  Introduction 


Calculation  of  the  response  of  structures  to  seismic  actions  may 
be  carried  out  in  different  ways.  One  way  is  to  rely  upon  large 
computer  programs  and  just  provide  the  structural  data  and  the 
data  of  the  actions  to  the  computer  and  then  get  the  response 
data  as  output  from  the  computer 

If  a  program  is  not  available  or  if  there  are  difficulties  in 
access  to  a  large  computer,  it  may  be  an  advantage  to  perform 
the  calculations  by  means  of  a  personal  computer. 

Also,  calculations  of  simpler  systems  on  a  personal  computer  may 
be  used  to  check  calculations  by  means  of  commercially  available 
programs  on  larger  computers.  As  it  may  be  difficult  to  estimate 
if  the  results  are  correct,  calculations  made  in  quite  different 
ways  may  be  an  excellent  useful  method  of  checking. 
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Fig.  1.  Frame  systems  and  notations. 
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This  paper  describes  a  method  of  calculating  response  of  plane 
frames  with  two  vertical  columns  connected  by  horizontal  beams, 
shown  in  figure  1. 

The  following  assumptions  are  made: 

1}  The  structure  is  elastic  and  viscously  damped. 

2)  The  connections  at  the  joints  are  rigid  meaning  that  the 
beam  and  the  column  elements  have  the  same  deflection  and  the 
same  rotation  at  the  joints. 

3)  The  left  column  and  the  right  column  are  identical. 

4}  Each  horizontal  beam  has  a  constant  cross  section. 

5)  Between  the  joints,  the  columns  have  a  constant  cross  sec¬ 
tion. 

6)  The  columns  are  either  clamped  (zero  rotation)  or  hinged 
(zero  bending  moment)  at  the  foundations. 

7)  The  seismic  actions  cause  identical  horizontal  motions  of 
the  foundations. 

It  follows  from  the  assumptions  that  the  motions  of  the  struc¬ 
ture  will  be  antisymmetric.  This  gives  rise  to  important  simpli¬ 
fications  in  the  calculations.  The  midpoint  of  each  horizontal 
beam  then  has  no  vertical  motion,  and  at  the  midpoint  both  the 
normal  force  and  the  bending  moment  are  zero.  Then  the  calcula¬ 
tion  models  shown  in  figs.  2  and  3  are  introduced. 

With  regard  to  the  calculations,  some  simplifying  approximations 
are  made: 

1)  The  masses  of  the  columns  are  concentrated  at  the  joints. 
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2}  The  inertial  forces  resulting  froa  vertical  accelerations  of 
the  horizontal  beams  are  neglected. 

3)  Only  deforsatima  due  to  bending  moments  are  taken  into 
account  (the  Beraoul Hi— Euler  theory). 

4)  Influence  of  normal  forces  upon  the  heading  stiffness  is 
neglected. 

In  the  method  described  in  the  following  sections,  calculations 
are  carried  out  by  a  step  procedure  in  space  and  a  step  proce¬ 
dure  In  time. 


To  -seas  degree ,  the.  etep  procedures  in  time  and  In  space  aTe 
interconnected. 

Briefly,  the  procedure  can  be  described  as  follows: 


At  a  tlae  t  all  deflections  and  rotations  of  the  joints  and 
thelT  tlae  derivatives  of  first  and  second  order  are  known,  and 
also  the  shear  forces  and  the  bending  moments  ate  known. 


At  the  tlae  tf ( ^  let  us  assume  that  we  have  been  able  to  find 
the  deflectlone  from  the  bottom  and  upwards  to  Joint  No.  j- 1 
and  that  the  sbeaT  force  and  the  bending  aoaent  just  above  joint 
j-1  are  also  determined . 


Then  It  becosms  possible  to  calculate  the  deflection  and  rota¬ 
tion  in  the  column  just  below  joint  No.  j  at  time  tr^i  and 
also  the  bending  aoaent  below  joint  Jfo.  j.  see  section  4. 

from  an  assumption  of  constant  acceleration  during  each  tlae 
step,  eee  section  3,  the  acceleration  and  the  velocity  of  joint 
Bo.  j  at  time  tr+l  and  the  rotation  velocity  at  joint  No.  j  is 
calculated. 


Then  froa  Newton's  second  law  the  shear  force  In  the  coluan 
above  joint  Bo.  j  at  tlae  can  be  calculated.  The  bending 


4 


moment  at  joint  No.  j  in  the  horizontal  beam  follows  from  the 
rotation  and  the  rotation  velocity,  see  section  5,  and  then  from 
moment  equilibrium  at  joint  No.  j,  the  bending  moment  above 
joint  No.  J  in  the  column  at  the  time  tr+  ^  is  found. 

In  this  way,  we  have  succeeded  in  climbing  one  storey  upwards. 
The  procedure  is  repeated  until  the  top  of  the  structure  is 
reached.  Here,  the  shear  force  and  the  bending  moment  above 
Joint  No.  n  shall  both  be  zero,  which  determines  the  conditions 
at  the  foundation  level.  For  this  reason  the  structure  must  be 
"climbed”  twice  at  each  time  step,  the  first  time  in  order  to 
calculate  the  values  at  foundation  level  and  the  second  time  to 
find  the  state  of  the  structure. 


Fig.  4  flotation*  for  a  colnsn  section. 

As easing  that  the  vertical  beam  eleaent  Is  unloaded  between  the 
horizontal  bean ,  the  deflections  u  are  expressed  as  a  poly- 
noalal  of  the  third  degree  In  (x/a^)  ,  cf.  fig.  , 

u  »  a  +  b(x/aj)  ♦  c(x/aj)2  +  dtx/aj)3  (2-1) 


where  a,  h,  c  and  d  are  constants. 
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°J  “  kj“-Vi  -  5  Vj-i>  *  <”j  -  5  *j*j»  <2-12' 

*j  -  ■jXjUj  Vl  -  i  .j+j.j)  -  (-  5  »j  -  g  »j*4))  (2-«) 

When  the  structure  la  vibrating,  energy  will  be  absorbed  by 
daaplng.  As  a  reasonable  assumption,  we  shall  assume  that  within 
each  eleaent  the  dawping  forces  are  proportional  to  the  veloci¬ 
ties.  The  contributions  froa  daaplng  to  Qj  and  are  found 

by  replacing  the  deflections  and  rotations  with  the  Tates  of  de¬ 
flection  maid  rotation,  and  by  replacing  the  stiffness  k^  by  a 
daaplng  factor  c^  .  In  this  tray, 

Qj  *  kjCC_uj-i  ~  J  ftJ*4-l*  ■*  *UJ  ~  5 

+  cj(("Vi  -  5  +  (iJ  *  i  (2'14) 
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r 


r 


=  “j-i  *  5Vj.i’  *  <-  S"j 

*  “j-l  *  5  Vj-i'  *  <"  5  “j 


*  S  Vjn 

*  5*j*j»  <2-15> 
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in 


In  order  to  solve  the  dynaalc  problems,  it  is  necessary  to  per- 
f orm  som  kind  of  numerical  Integration  in  time .  This  trill  be 
done  here  by  the  fol loving  procedure: 

The  quantities  tre  are  looking  for.  will  only  be  determined  at 
certain  times  t^.t^  ,  t^.  . .  t^  .  A  time  step  Tq  is  chosen,  and 


V*1  ~  *r 


(3-1) 


shall  be  fulfilled  foT  all  values  of  r  .  let  u,.  _  and 

4  J  •  r 

denote  the  value  of  the  deflection  u^  and  the  rotation  at 

the  time  t  . 


numerical  integration  is  based  upon  the  approximation  that 
acceleration  has  a  constant  valne  in  each  time  inter- 


(«)  -  i  ffj.x  -  •  tt 


<  t  <  t 


(3-2) 


Integrating  (3-2)  yields 


t*)  *  »jVT“+  jf*~*r^J.r  *  “j.r+1^ 


(3-3) 


and  correspond Ing  to  t»t 


‘J.t+1 


i,t  ^'ar  (Bj.r  + 


(3-4) 


Integrating  (3-3)  from  ty  to  t  ^ 


■j.T  *'rOSJ.r  ♦  r  <Sj.r  ♦ 


j.T +1 


(3-5) 


The  expressions  are  rewritten  in  the  form 
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u 


j,r+l 


“"j.r  +  “2  <Uj.r+l  -  UJ ,  r  "  Yj.r^ 


(3-6) 


IJ.r+l  ~  uj.r  +  Tq  ^uj,r+l  uJ,r^ 


(3-7) 


and  correspondingly 


'j.r+l 


=  “Vj.r  +  H  <*j.r+l  ”  *j.r  ’  Vj.r>  < 3"8) 


'’j.r+l  ~  ^  j ,  r  +  tq  ^J,r  +  1  ^j.r^ 


(3-9) 


The  formulas  (3-6)  to  (3-9)  are  extremely  useful,  they  corre¬ 
spond  to  Newmark's  0-method  with  0=1/4  Long  experience  has 
shown  that  the  method  gives  a  good  accuracy  when  the  time  step 
t0  Is  adequately  chosen. 
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In  section  2.  the  shearforce  Q ^  and  the  bending  nonent  M ^ 
were  expressed  In  terns  of  the  deflections  uj~i  and  Uj  and 
In  terns  of  the  rotations  'J’j-i  and  4j  and  also  In  terns  of 
-the  tine  derivatives  of  these  quantities,  fornulas  (2-14)  and 
(3-1S). 

These  fornulas  are  now  rewritten  at  the  tine  t  j  •  and  the 
-fornulas  (3-7)  and  (3-9)  are  used.  This  leads  to 


^J.t+1  *  +  “  2  aJ*J-l.r+l 

*  UJ  .r+1  ~  2  ,  r-4-l^ 

*  CJ(Vl.T  ^  5  Vh.i  "  “j.x  *  I  aJ*J.r> 

^  ^  +  j  yHtT  -  «j,T  +  JVJ.T1  (4_1) 

aj  Mj.r+1  *  *kj  *  tq^^2  “j-l .r+1  +  3  *3*3-1. r+1 

~1  “j  ,r+l  +  fVj.r+l’ 

*  CJ("  1  “3-1. r  *  5  Vh.t  ^  i  “j.r  ~  i  V.r> 


2c 

*  t"*1'  5  *H.T  •  5  Vj-l.r  -*  5  “j.r  -  i  Vj.r> 


(4-2) 


The  equations  (-4-1)  and  (-4-2)  are  solved  with  Tespect  to  u.  . , 

J  •  T+ 1 


and  4 


J.r+1  * 
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uj ,  r  +  1  =  UJ-l.r+l  + 


k  +— ■ 

j  To 


+  ^  (uJ-r  ~  Uj'1>r  "  aJ*J'1,-) 

-  2Qj.r+l  "  aj  MJ.r+l  ] 

^  j  ,  r+1  =  ♦j-l.fl  +  l  CJ(*J‘r 


-  Vl.r> 


kj  +  T0 


2c  .  .  6  /,  _  12  •(  i 

*  ^  '  *3-1. r>  -  J  r+1  J 


(4-3) 


(4-4) 


These  expressions  can  be  found  in  Dyrbye  (1986).  but  it  should 
be  noted  that  a  different  definition  of  shear  force  and  bending 

moment  was  used  in  the  paper. 


Claes  Dyrbye:  Dynamic  Response  of  Framed  Structures.  Earthquake 
Engineering  and  Structural  Dynamics.  Vpl.14.  p.  487  494.,  1986 
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&> _ The  horizontal  beans 


Fig.  5  Model  of  horizontal  beaa. 

▲a  the  structure  per f or os  antisyraetr ical  Motions,  the  center  of 
each  horizontal  beaa  has  no  vertical  Motion.  Furthermore,  the 
normal  force  and  the  bending  moment  are  both  zero  at  the  center 
of  the  bean. 


The  vertical  IneTtlal  forces  are  neglected,  and  this  will  usual¬ 
ly  be  a  reasonable  approximation.  If  the  structure  was  elastic, 
the  bending  moment  X^j  in  the  beam  would  be 

3£I 

■hj  *  ~  jrm  (5_1) 

where  1^  is- the  Inertia  moment  of  the  beam.  Introducing  the 
stiffness  defined  as 


(5-2) 


we  simply  find 


MhJ  -  *  khJ*J  <5-3) 

It  seems  reasonable  to  assume  that  some  energy  may  be  dissipated 
from  the  motion  of  the  horizontal  beans,  and  we  shall  therefore 
replace  equation  (5-3)  by 
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u, 


Fig.  6  Forces  acting  upon  horizontal  bean. 


Mhj  =  khj*j  ~  chj^  j 


(5-4) 


where  c,  .  is  a  damping  coefficient  for  the  horizontal  beam 
hj 

No.  j. 

It  should  be  noticed  that  the  dimensions  of  k,  .  and  c,  . 

hj  hj 

differ  from  the  dimensions  of  kj  and  Cj  respectively. 

The  total  mass  at  level  j  is  called  Applying  Newton's 

law,  see  fig.  6.  gives 


2  “j^’j  =  QJ+1  ~  QJ 


(5-5) 


The  moments  at  joint  No.  j  are  shown  in  fig.  7,  from  which 
follows 


MJ  +  1  =  Mj  +  ajQj  +  Mhj 


(5-6) 


+ajQ] 


Fig.  7  Moments  at  joint  No.  j. 


15 


•>  ‘■•hjs  v: . 


SL _ tailaiMin*  a  LLas-xLea 


Let  everything  of  inportance  at  the  tine  tr  be  known.  Then  we 
■hall  carry  out  calculations  in  order  to  find  out.  how  the  state 
of  the  structure  will  be  at  the  tine  t  ^  . 

Starting  with  the  notions  at  foundation  level,  the  ground  no¬ 
tions  will  usually  be  given  by  the  accelerations. 


At  level  0  we  thus  know  un  _  .  uA  „  and  uA  ,  and  u_  , 

u..  r  u.r  o.r  o ,  r+ 1 

follows  fron  the  accelerogran.  The  integration  procedure  from 
section  3  is  applied,  and  fron  the  fornulas  (3-4)  arid  (3-5)  we 
find 


O.r+l 


*  .0  /  M  M  . 

u0.r  +  5T  (u0.r  +  u0, r+1 ^ 


O.r+l 


u0. r  +  T0“0,r  +  4°  {  V  r  +  Vr+1> 


(6-1) 


(6-2) 


If  the  structure  is  clanped  at  the  foundation  level,  we  have 

*0  r+i  “  0  and  ^0  r+1  **  ®  '  **  structure  is  hinged  at  the 

foundation.  and  nust  be  determined  by  the 

nethod  described  later,  but  for  the  purpose  of  a  more  straight¬ 
forward  presentation  we  shall  at  present  assume  these  quantities 
to  be  known. 


The  shearforce  Qj  r+j  is  also  unknown,  but  again  let  us  assume 
that  a  value  is  known. 


If  the  structure  is  hinged  at  the  foundation  level.  Mj  r+j  is 
zero,  but  if  the  structure  is  clamped,  the  value  of  Mj  r+1  is 
not  known,  but  will  be  determined  in  a  way  which  will  be  de¬ 
scribed  later.  For  the  description  of  the  procedure  we  assume 

*1 . r+1  ****** . 
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Taking  j  =  1  .  all  elements  on  the  right  hand  side  of  eqs. 

(4-3)  and  (4-4)  are  known,  and  the  equations  are  used  to  calcu- 

late  ul , r+1  and  *l.r+l  * 

From  the  formulas  (3-6),  (3-7)  and  (3-9).  u^  r+j  .  ui<r+i  an<* 

i.  ,  are  calculated. 

Tl.r+1 


As  j  and  T+1  have  been  found,  the  bending  moment 

M,  ,  ,  In  the  horizontal  beam  follows  from  (5-4). 

hi. r+1 


*hl.r+l  *  khl^l , r+1  "  chl*l,T+l 
and  from  equation  (5-6)  follows 


(6-3) 


M2.r+1  =  Ml.r+1  +  alQl.r+l  +  Mhl.r+1 

Finally,  the  shear  force  above  joint  Ho. 
(5-5)  as 


(6-4) 

j  follows  from  eq. 


Q2,t+1 


Ql,r+1  +  2  "l^l.r+l 


(6—5) 


Thus  it  has  been  described,  how  the  conditions  above  joint  lfo.  1 
could  be  derived  when  the  conditions  above  joint  No.  0  was 
known. 

/The  same  procedure  can  now  be  used  upwards,  and  coming  to  the 
top  of  the  structure  we  finally  calculate  *n+l  r+1  ***** 

Q  , ,  ,  as  a  bending  moment  and  a  shear  force  which  must  be 

1 i T* 1 

applied  in  order  to  fulfil  the  equations  of  dynamics  and  of 
equilibrium. 


It  is.  however,  impossible  to  have  forces  acting  at  the  top  of 
the  structure  and  consequently  we  must  demand 


Mn+l.r+l  *  0 


®n+l . 


r+1 


(6-6) 

(6-7) 


17 


These  equations  can  be  fulfilled,  if  correct  values  of  the  un¬ 
known  quantities  at  level  0  are  chosen. 

6.1  Clawoed  structures 

Let  us  first  exaaine  a  structure  clasped  at  the  foundation 
level,  where  the  unknown  quantities  are  r+1  and  Mj  r+J  .  A 
close  examination  of  the  equations  used  at  the  calculations  show 
that  the  problem  is  linear.  Consequently, 


N 

"n+1. r+1 

wU  1 

"n+1 

Ml.r+1 

"n+1, r+1 

o 

•■^n+l.r+l  J 

i  —  « 

c. 

+ 

cr  c 
a 

•  < 

;  Ql,r+1  ■ 

•  ♦  « 

Q° 

vn+l , r+1 

(6-8) 

M*+1  and  Qa+1  ar®  t*ie  contrlbutlons  to  **n+l  r+1  and 
Qn+1  r+1  from  Mj  r+J  *  1  as  the  only  source  contributing  to 

deflections,  and  likewise  Mq,  and  Qq  .  are  the  contribu- 

n+ 1  n+ 1 

tlons  from  Qj  r+j  si  as  the  only  source. 

N  . ,  . ,  and  Q®.,  . ,  are  the  bending  moment  and  the  shear 

n+i.r+i  n+i , r+i 

force  above  the  top  of  the  structure,  if  we  have  the  correct 
state  of  deflections  at  time  tf  .of  the  ground  acceleration  and 
we  have  chosen  Mj  y+j  *  0  and  Qj  =  0  . 

The  calculation  of  M*+1  and  Q*+j  will  now  be  shown  in  detail 
as  it  is  a  very  important  part  of  the  procedure.  We  nay  think  of 
it  as  a  calculation  from  tg  to  tj  . 

First,  let  us  put  all  relevant  quantities  equal  to  zero  at 

t  *  t'g  ,  1 .  e  • 
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UJ.0 

;i.o 

•• 

Uj.O 

*j.O 

*3.0 

m  • 

*J.o 


=  0 

=  o 

=  o 

=  0 

=  0 

=  0 


Furthermore, 


we  shall  take 

0 

* 

0 


(6-9) 


(6-10) 


Finally,  we  take  Mj  j  a  1  and  Qj  j  *  0  .Moving  from  joint  Wo. 
0  to  Joint  Ho.  1,  eqs.  (4-3)  and  (4-4)  become 


u 


1.1 


2c 


6 

7  *  ai 


(6-11) 


'1.1 


2c 

Vrl 


1  a 


12 

2 


(6-12) 


At  joint  No.  1  we  find  from  the  equations  (3-6)  and  (3-9) 


*1.1 


.2  “l.l 


(6-13) 


1.1 


2_  * 

To  *1.1 


(6-14) 
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ijC- 


Further  ..  J.i»t  »o.  *  <"•  *5_4)'  (5'6)  *n,i  (6'5> 


"hl.l 


"2.1 


*2.1 


'  khl*l.l  "  Chl*l.l 


1  +  M 


hl.l 


1 

2  "lul.l 


(6-15) 

(6-16) 

(6-17) 


Th.  fol lowing  clcul.tlouh  »P~rd.  .r.  .U  hu.ud  upon  th. 
■cheae • 


u 


J.l 


1  ,_2Q  _  §_ 

“j-i.i +  a3+j-i.i +  ^7^ (  J>1 


kl  T, 


i  To 


M 


j.l 


) 


(6-18) 

(6-19) 


(6-20) 


“j .  1 

^Uj.l 

T0 

2 

(6-21) 

♦j.l  = 

To  *iA 

• 

(6-22) 

Mhj.l 

*  -  khJ*l.l  ‘  chl*l.l 

(6-23) 

V1.1 

•*  *j.l  *  *  *M-> 

( 

1  « 

(6-2-1) 

QJ+1.1 

-  Qj.i  +JVj.i 

The  calculation,  given  by  formula.  (6-18) 

to  (6-24)  are  repeated 

froa  J  *  2 

to  J  «  n  . 

Finally. 
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M 


m 

n+1 


M  . 

n+1 , 1 


(6-25) 


"n+1 


=  Q 


n+1,1 


(6-26) 


In  order  to  find  M**  ,  and  Q**  ,  a  completely  analogue  method 

n+ i  n+i 

Is  used,  and  is  only  given  briefly.  We  must  select  j  =  0 

and  Qlfl  =  1  . 


Eqs.  (6-9)  and  (6-10)  are  valid,  (6-11)  and  (6-12)  shall  be  re¬ 
placed  by 


(6-1 la) 


(6- 12a) 


Eqs.  (6-13).  (6-14)  and  (6-15)  are  valid,  (6-16)  and  (6-17)  are 
replaced  by 

*2.1  -  "hl.l 

«a.i  *  ‘  *  h  *iui  (6-n.) 

Eqs.  (6-18)  to  (6-24)  are  valid,  finally  (6-25)  and  (6-26)  are 
replaced  by 


*«i  -  Vu 

*  Qn+l,l 

The  calculation  of  the  matrix 


(6- 25a) 
(6-26a) 
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Is  performed  before  the  calculations  of  the  response  to  the 
earthquake  aotlon  is  carried  out. 

In  the  first  tiae  step,  the  initial  conditions  are  given  by 

(6-9).  In  the  following  steps,  initial  conditions  are  found  from 

the  previous  calculations.  In  other  words,  all  quantities  with 

second  index  naaed  r  will  be  known  before  the  calculations 

froa  tiae  t  until' tiae  t  are  carried  out. 
r  r+ 1 

It  is  necessary  to  perfora  the  calculations  twice.  In  the  first 
calculation,  N,  a  0  and  Q,  _ , ,  =  0  are  chosen,  and  the 

i i r* i  i i r* i 

calculations  are  carried  out  in  order  to  deteralne  M  . ,  .  , 

n+ l , r+ l 

and  Q®+1  r+1  appearing  in  foraula  (6-8). 

Then  the  values  of  r+1  and  Qj  r  +  1  are  found  from  Eqs. 

(6-6),  (6-7)  and  (6-8)  and  the  calculations  giving  the  correct 
values  of  the  deflections,  rotations,  shear  forces  and  bending 
aoaents  and  the  relevant  derivatives  are  then  performed. 

In  order  to  Illustrate  the  procedure,  a  numerical  example  is 
given  In  section  7. 

( 

SL-2 _ A  hinged  structure 

For  the  structure  hinged  at  the  foundation  level,  the  problem  is 
soaewhat  different,  as  we  have  to  find  values  for  Qj  r+1  and 

for  ♦q  r+j  and  r+j  .  Thus  3  quantities  shall  be  determined 

but  still  we  only  have  the  two  conditions  (6-6)  and  (6-7). 

However,  looking  back  at  the  principles  given  in  section  3  about 
Newaark’s  0-method, 
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(6-27) 


*0,r+l  =  *0.r  +  2  ^ O.r  +  +0.r+l^ 


F0 ,  r+  1 


=  *0.r  +  Vo.r  +  4”  (*0.r  +  +0.r+l> 


(6-28) 


Ve  shall  consider  the  Increase  In  the  rate  of  rotation  as  the 
quantity  to  be  determined. 


K0.r+1 


f tom  which 


=  (4 

2  'y0.r 


+0,r+l^ 


(6-29) 


*0.r+l  =  *0.r  +  A^0 .  r+1 


(6-30) 


^O.r+1  “  *0.r  +  T0^0 . r  +  2  A*0.t+1^  (6  31) 

The  quantities  to  be  determined  from  the  conditions  (6-6)  and 

(6-7)  are  chosen  as  r+1  and  r+j  .  formula  (6-8)  is  re¬ 

placed  by 


*n+l . r+1 

« 

.  —  « 

»L,  1 

■^n+l.r+1 

■  <C, 

* - , 

H 

+ 

in  which 

<+l  and 

Q* 

vn+l 

A^0, r+1  =  1 

as 

the  only 

action 

Further  calculations  are 

aade 

K0, r+1 


{1  ,r+l 


n+1 , r+1 


n+1 ,T+1 


(6-32) 

are  the  contributions  from 


for  the  clamped  structure. 


Fig.  8  Two-storey  frames. 


As  an  example,  the  response  of  2  frames  have  been  found,  when 
the  structures  were  exposed  to  ground  accelerations  shown  in 
fig.  9.  The  duration  of  the  accelerations  is  5  secs. 

The  frames  are  Identical  apart  from  the  supporting  conditions, 
see  fig.  8. 

11  2 

The  modulus  of  elasticity  is  E  =  2*10  N/m  The  mass  per 
unit  length  of  h  column  is  90  kg/m  in  both  storeys,  the  mass  of 
the  beam  in  storey  No.  1  is  1900  kg/m  and  the  mass  of  the  beam 
in  storey  No.  2  is  1400  kg/m. 

The  inertia  moment  of  a  column  is  constant  in  the  entire  height 
—5  A 

Ij  «  Ij  ■  8*10  m  The  Inertia  moments  of  the  beams  are 

Ihl  -  4.5*10-5  m4  and  Ifa2  *  3.5*10-5  m4  . 

The  masses  to  be  used  in  the  calculations  are 
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GROUND  ACCELERATION 


METER  PER  SEC2 


Fig.  9  ,  Ground  accelerations. 

njj  =  5*1900  +  2*3.0*90  =  10040  kg 

«2  =  5*1400  +  2*1.5*90  =  7270  kg 

The  fundamental  frequencies  of  the  structures  have  been  cal¬ 
culated  as  fj  *  1.29  Hz  for  the  hinged  frame  and  f^  =  2.26  Hz 
for  the  clamped  frame. 

Values  of  the  damping  coefficients  should  be  chosen.  As  the 
structure  is  a  steel  frame,  the  damping  will  be  rather  moderate, 
and  it  is  assumed  that  the  damping  ratio  is  f  ^  =  0.01  in  the 
fundamental  mode  of  the  hinged  frame.  Further,  it  is  assumed 
that 


cl/kl  *  °2/k2  ■  chl/khl  *  ch2/kh2 

or  that  the  damping  matrix  and  the  stiffness  matrices  are  pro¬ 
portional  . 

Then  if  the  mode  shape  vector  In  the  fundamental  mode  is  v* 
and  the  stiffness  and  damping  matrices  are  g  and  C  resp.  . 


26 


and 


1 


v 


Is  normalized  with  respect  to  the  mass  matrix. 


1TK  v1 

=  (2v  fj)2 

1T  C  V1 

•v»  »v 

=  2(2v  fxK 

From  the  assumptions  follow  C  =  (Cj/kj)K  ,  and 
(cj/kj)(2w  fj)2  =  2*  (2w  fjJfj 

Cj/kj  *  Cj/twfj)  =  0.01/(w*l .29)  =  0.00247 

The  same  values  of-  Cj/kj  have  been  chosen  for  the  clamped 
frame.  As  the  fundamental  frequency  of  this  frame  is  2.27  Hz, 
the  value  of  is  =  w*2. 27*0. 00247  =  0.018  . 


The  shear forces  in  the  hinged  frame  are  shown  in  fig.  9.  and  the 
shear  forces  in  the  clamped  frame  are  shown  in  fig.  10.  It 
should  be  noted  that  the  force  scales  are  different  in  the  two 
figures.  The  bending  moments  in  the  clamped  frame  in  column  sec¬ 
tions  above  the  joints  are  shown  in  fig.  11. 


Although  the  ground  accelerations  are  very  irregular,  the  re¬ 
sponse  is  highly  dominated  by  vibrations  in  the  fundamental 
mode,  and  the  phenomenon  of  beating  is  also  very  obvious,  espe¬ 
cially  for  the  clamped  frame. 


( 
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Fig.  10  Shearforces  Q.  and  Q_  In  the  hinged  fraae 
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FOREWORD 

Following  text  is  devoted  to  the  behaviour  at  high  slender  struc¬ 
tures  under  seiseic  excitation.  The  interpretation  has  been  based  pre- 
doainantly  on  natural  mode  analysis,  as  this  approach  is  quite  general 
and  perspicuous. The  solution  of  natural  eodes  can  be  perforeed  by  dif¬ 
ferent  aethods  which  are  well-known  froa  structural  dyaeics,  and  there 
is  no  use  in  arguing,  which  one  is  better.  The  only  requireeent  is  to 
obtain  realistic  results  hot  only  in  displaceaents,but  also  in  bending 
eoeents  and  other  stresses,  if  necessary.  The  rest  depends  on  the  pra¬ 
ctise  of  the  engineer  and  on  the  coaputer  software  that  he  has  to  his 
disposal. 

In  what  follows  only  the  solutions  of  the  siapliest  cases  are  be¬ 
ing  presented,  on  which  the  fundaaental  concepts  characterising  dyna- 
aic  behaviour  of  structures,  their  stresses  and  possible  daaages  have 
been  recapitulated.  Neither  the  character  of  seisaic  shakes,  nor  the 
seisaic  risk  are  analysed;  these  are  supposed  to  be  given  in  soae  way, 
and  several  alternatives  of  shake  definitions  are  concerned.  Finally 
soae  aethods  for  vibration  absorption  are  presented  which  could  reduce 
the  risk  of  earthquake  daaages  of  slender  structures. 


NOTATIONS 

A,  C  -  integration  constants 

EJ  -  bending  rigidity  \ 

F  -  frequency  function  of  a  beaa 

H  -  frequency  characteristic 

M  -  bending  aoaent 

Q  -  shear  force 

R  -response  spectrua 

S  -  power  spectral  density 

T  -  period  of  vibrations 

f  -  frequency  (cps,  Ha) 

g  -  acceleration  of  gravity 

i  -  iaaginary  unit 

j  -  subscript  of  j-th  natural  node 

k  -  spring  constant  (rigidity) 

1  -  length,  span  of  the  beaa 
a  -  aass,  nueber  of  natural  eodes 
p  -  generalised  coaponent  of  the  input  (loading) 
q  -  generalised  coordinate  of  the  response 
s  -  position  paraaeter 
t  -  tiae 

v  -  displaceaent  perpendicular  to  the  beaa  axis  x 
s  -  vertical  coordinate  (in  the  axis  of  the  beaa) 

M  -  paraaeter 
A-  relative  daaping 
*  -  vibrating  beaa  paraaeter 
aass  per  unit  length 
$  -  rotation  of  beaa  eleaent  dv/ds 
u-  circular  frequency  (rad/sec) 


r 
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l.  V IBRAI ION  Of  A  SIMPLE  CANTILEVER  BEAM 


Slender  structures  like  towers,  antennae,  chianeys,  high  buil¬ 
dings  and  different  structures  for  technology  will  aostly  be  represen¬ 
ted  -as  to  their  dynaeic  behaviour-  as  a  cantilever  beaa  fixed  at  its 
lower  end.  To  recall  the  fundaaental  conceptions  let  us  solve  the  sia- 
pliest  case  -  a  vertical  prisaatic  cantilever. 


1.1  Natural  modes 


The  fundaaental  differential  equation  for  transversal  displaceaent 
v  ( z ,  t )  of  a  bended  prisaatic  beaa  without  external  loading  is  Ill 

Dv^iZjt)  3<2,t) 

EJ..  .  ..  ..  =  o  n, 

J  a  o  t 


Supposing  haraonic  notion 

v<z,t)  =  v<z)  sinut  , 

3*v(z,t)  a  0*v.(z,t>  d\(z) 

- -  =  -  U)  v(z>  sin  u>  t  ;  - ■--  * - sinuit  , 

Dt  3  z*  dz* 


the  equation  / 1/  changes  into 

u  * 

d  v(z)  (O 

- Z - v(z)  =  0  .  /2/ 

dzH  EJ 

Ihis  is  an  equation  with  constant  coefficients,  having  the  solution  of 
the  type 

v<q)  *  exp<«  z)  /3/ 

where  the  paraaeter  «*.  is  given  by  characteristic  equation 

*  z 
oc  =^ui  /EJ 


with  4  roots 

»  -  ol,  ;  o<s=  i  ;  o(^=  -  ix4 

The  general  solution  of  / 2/  therefore  is 


v(z> 


Afc  exp(  o<^z> 


/4/ 


When  expressing  the  exponentials  with  iaaginary  arguaent  by  aeans  of 
gon^oaetric,  those  with  real  arguaent  by  aeans  of  hyperbolic  functions 
we  obtain  instead  of  /4/ 


viz)  »  ch  s  ♦  C£  sh  s  +  C3  cos  s  ♦  sin  s  /5/ 

where  for  practical  reasons  the  beaa  paraaeter  a.  has  been  introduced 
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instead  of  r 

X  -  td  =  t  |(W  ^/EJ  /£>/ 

and  the  position  on  the  beae  was-instead  of  length  coordinate  z  -  de¬ 
fined  by  the  diaensionless  parameter 

s  =X  s/\  .  /7/ 

Cl  -  C4  are  integration  constants,  which  will  be  deterained  froe  boun¬ 
dary  conditions  of  the  vibrating  beae, that  eeans  froe  the  types  of  fi¬ 
xing  at  its  ends  (Eig.  1).  In  order  to  do  it,  also  the  derivatives  of 
/ 5 /  aust  be  expressed,  which  have  the  meaning  of  the  tangent  to  the 
aaplitude  curve 

£(z)  =  dv(z)/dz  , 
of  the  bending  aoaent 

M(z)  =  -  EJ  dtv(z)/dzl 
and  of  the  shear  force 

Q(z)  =  dh/dz  =  -  EJ  dJv<z)/dz*  . 


Thus  we  obtain 


^<zJ  *  X.(C4  sh  s  +  Ct  eh  s  -  0^  sin  s  ♦  cos  s)/l 

Mis)  *  -  EJ  (C4  ch  s  +  C4  sh  s  -  C3  cos  s  -  sin  s )/£*" 

Q(z)  »  -  EJ  (C<  sh  s  ♦  Ca  ch  s  +  Cj  sin  s  -  cos  s>/l 

Boundary  conditions  for  the  cantilever  fixed  at  one  end  are 
for  z  *  s  *  0  :  v(0)  B  0  }  |<0>  =  0 

/9/ 

z  *  t  (s  <=x>  :  mt)  *  o  ;  8<t>  »  o 


•jj  fixed  end 


/ 


free  end 


v  a  0  ;  l  «  0 
«  *  o  ;  d  =  o 


hinged  end 


v  «  0  ;  H  *  0 


/a/ 


Fig.  1  Boundary  conditions  for  a  vibratiing  beam 


Putting  /9/  into  /5/,/8/  we  obtain 
Cl  ♦  C3  »  0  C2  ♦  C4  «  0 


Cl  chX  ♦  C2  sh\  -  C3  cosX  -  C4  sin  \  •  0 
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i 


Cl  sh  X  +  C2  ch\  +  C3  sinx  -  C4  cosx  *  0 


which  can  be  written  as 


Cl  (chX  +  cosX  )  ♦  C2  (shx  +  sinx)  =  0 

Cl  (shx  -  sinX  >  +  C2  (chX  +  cosx)  =  0 

The  system  has  non-zero  solution  if  its  deterainant  equals  zero, 
leads  to  the  condition 


/10/ 

That 


1  +  chX  cosX  *  0  / 1 1  / 

Equation  /I 1/  is  satisfied  for  an  infinite  number  of  solutions  X  ,  the 
first  three  being 

1.875  ;  4.694  ;  XW)=  7.855  /12/ 


The  motion  without  external  forces  is  therefore  possible  in  certain 
frequencies  only.  According  to  76/  these  natural  frequencies  are 


=  “j:  ^E3/(u.f!') 

TJ-  OTT  1  t 


UJ 

f‘i>  "  2Ttr  2 1C 
the  first  three  of  which  (j  =  1,2,3)  are 

f^-)-  0.560  ;  3.507 


9.819^  Ei/t^l*) 


713/ 


The  integration  constants  which  correspond  to  these  values  of  the 
parameter Xcan  be  determined  only  in  the  ratios.  When  choosing  the  va¬ 
lue  of  the  first  constant 


Cl  =  0.5 

we  obtain 

C2  =  0.5  (sin  A,.-  sh  A^/(ch  A^+cosA,.}  714/ 

C3  =  -  0.5  ;  C4  =  -  C2 


Putting  /147  into  75/, /8/  we  obtain  the  natural  modes  (the  amplitudes 
corresponding  to  vibrations  in  the  above  determined  frequencies),  viz. 


v  j  (z)  *  0.5  (ch  s  -  cos  s)  +  (sinX(..  -  shA.,  ,)(sh  s  -  sin  s)7 
1  PI  /15/ 

/L2(chX,p+  cosAt^>3  , 

where  the  coordinate  on  the  beam  has  again  been  given  by  the  parameter 
5  according  to  777.  The  amplitude  of  bending  moment  during  vibrations 
in  the  j-th  mode  will  be  obtained  3fter  putting  the  integration  con¬ 
stants  /147  into  /8/ 

e  ~  CO. 5  (ch  s  ♦  cos  s)  +  0.5  (sinx^-j  shA^(sh  s  +  sin  §>/ 

/(ch A^-v  eosA,p)3/fca 

similarly  alto  the  amplitudes  of  inclinations  {  3nd  of  shear-forces  Q. 
First  three  natural  modes  are  given  on  Fig. 2, mil  are  normalised  to  the 


First  3  natural  Bodes  of  a  prisaatic  cantilever  -  displace 
aents  V(j}  and  bending  aoaents  Htp  . 


Another  important  parameter  of  natural  vibrations  is  the  genera¬ 
lised  aass 

rl 


1 v^,  (z>  dz  . 


/16/ 


When  putting  /5/  into  716/  we  obtain  for  prismatic  bean 
■  tj,  =  <0.5  CX  (Cl1  -  C2l  ♦  C3l  +C4a>  •+  shx  chx  (Cl4  +C21)  + 


+  sinx  cosx  <C34  -  C4a ) 3  ♦ 


/17/ 


+  Cl  C2  shV  ♦  C3  C4  sina\  ♦  Cl  C4  -  C2  C3  + 

♦  cosXCshx  (Cl  C3  -  C2  C4)  +  chx(C2  C3  -  Cl  C4>]  ♦ 


+  sinx  Cch x  (Cl  C3  +  C2  C4>  ♦  shx  (C2  C3  +  Cl  C4  )]><*>.  f. /X 

which,  for  a  prisaatic  cantilever  /14/,/9/,/ll/,  gives  a  quite  siaple 
result,  equal  for  each  natural  aode 

■  <■{)  l/A  •  /18/ 

Fig.  2  reveals  evidently  the  difference  between  the  stresses  corres¬ 
ponding  to  static  and  dynaaic  loading.  While  the  first  aode  shows  a 
little  difference  in  both,  displaceaent  and  bending  aoaent  amplitudes 
tram  statical  case,  with  higher  eodes,  which  have  one  or  more  knots 
along  the  height,  there  are  large  aoaents  not  only  near  the  base,  but 
also  in  the  upper  part  of  the  structures.  Such  vibrations  can  occur 
during  earthquakes  on  'favourebly  tuned*  structures  and  often  cause 
daaages  or  even  breaks  just  in  the  higher  part. 


1.2  Kineaatically  excited  vibrations 


Io  aake  the  aain  principles  of  kineaatic  excitation  clear  let  us 
again  solve  a  prisaatic  cantilever,  the  foundation  of  which  aoves 
harmonically ;the  response  too  will  be  considered  as  stationary  harao- 
nic.  The  fundamental  equation  has  the  solution  /5/,/8/,  but  the  boun¬ 
dary  conditions  for  the  constants  Cl  -  C4  will  be  different  froo  /9/. 
If  the  excitation  is  unitary  translation  of  the  base  without  rotation 


with  given  circular 

frequency  u),  viz. 

z  *  s  *  0  : 
z  *  l  <s  * x  >  : 

v(0)  =  1  ;  }  (0>  =  0 

M(l>  =  0  ;  Q ( 1 >  =  0 

/ 1 9/ 

the  first  equation 

in  /10/  will  be 

Cl  ♦  C3  «  1 

/20/ 

the  other  ones  remain  as  in  /10/.  Such  a  system  of  equations  has  a  u- 
nique  solution  for  each  exciting  frequency  (for  every  parameter  X  ex¬ 
cept  for  values  satisfying  equ.  /ll/> 
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Cl  =  0.5  ♦  *in\»hx/(l  ♦  co*X  chJU  ;  C3  -  1  -  Cl  /21  / 

C2  «  -  (shjtcosx  +  chx  sinx  )/<l  ♦  cosXchX)  ;  C4  =  -  C2 

Putting  these  constants  /20/  into  the  general  solutions  /5/,  /8/ ,  the 
aaplitude  of  the  response  (displaceaent,  bending  aoaent)  to  transla- 
tory  eotion  of  the  baseaent  with  given  frequency  will  be  obtained.  If 
the  amplitude  of  the  excitation  is  different  froe  unity,  the  results 
eust  be  aultiplied  by  its  Magnitude.  For  excitation  frequencies  which 
are  near  to  natural  frequencies  /13/,  when  X«X.(j>,  the  constants  Ci 
and  the  response  tends  to  infinity  -  in  such  cases  the  daaping  aust 
be  taken  into  consideration  Cll. 

Exaaples  of  the  response  to  different  excitation'  frequencies  are 
given  in  Fig.  3.  The  excitation  is  given  in  ratio  vs.  the  first  natu¬ 
ral  frequency.  Considering  /13/  one  can  see  the  relations 

-  6-24?  fU)  ;  "  47.548  f  t4j  . 

If  other  types  of  kiheaatic  excitation  are  to  be  considered,  the 
boundary  conditions  oust  be  Modified.  If  a  beaa  with  end  points  g,  h 
is  forced  to  vibrate  with  lower  end  aaplitudes  vg  ,\  4g  and  upper 
end  aaplitudes  vh  ,  £h  ,  the  boundary  conditions  will  be 

z  *  s  *  o  :  v(0)  *  v-  ;  ho>  =  v 

*  /22/ 

z  *  t  (s  *  \  )  :  vd)  =  vh  ;  ^(t>  »  £  Vi 

which,  introduced  into  /5/,/8/  gives  corresponding  values  of  C  . 

If  a  cantilever  consisting  of  aore  prisaatic  paits  or  if  a  aore 
coaplicated  structure  (a  fraae)  should  be  solved,  it  can  be  divided 
into  separate  beaas,  each  of  thea  being  excited  by  the  notions  of  its 
ends.  Expressing  bending  aoaents  and  shear  forces  in  the  end  points 
of  each  bean  and  writting  equilibriue  conditions  for  aoaents  and  for¬ 
ces  in  each  of  the  joints,  we  obtain  a  systea  of  equations  for  the 
unknown  displaceaents  of  the  joints  v  ,  ^ .  In  such  a  way  the  aapli¬ 
tudes  of  a  aore  coaplicated  structure, as  well  as  its  natural  vibrati¬ 
ons  can  be  solved. For  details  of  this  dynaaic  slope-deflection  aethod 
see  ref.  C1],C23. 


Fi9.  3  Displacement  amplitude  of  a  cantilever  excited  by  unitary 
'  translation  of  its  base  Mith  different  frequencies 
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2.  NATURAL  NODE  ANALYSIS  IN  SEISHIC  EXCITATION 

2.1  General  reaarks 


Let  us  consider  an  arbitrary  structure  of  cantilever  type,  whose 
■  natural  aodes  and  frequencies,  viz. 

V  ,  f  »j>  ,  j  *  1,  ■ 

have  already  been  deterained  up  to  the  nuaber  a,  the  corresponding  na¬ 
tural  frequency  of  which  is  greater  than  the  frequency  of  excitation 
(with  a  certain  reserve).  All  natural  aodes  coaply  with  the  boundary 
condition  of  a  fixed  lower  end 


z  a  o  :  vt^(0)  •  o  ;  ^.jo)  *  o  • 


The  seisaic  excitation  aak.es  the  displaceaent  of  the  baseaent  non-ze¬ 
ro,  that  is  why  the  decoaposition  of  the  aaplitude  into  natural  aodes 
aust  be  extended  by  the  zero-tera.  Thus  we  obtain 

m 


v(z,t)  *  v#(z)  q„(t>  +  £v, q,4,  (t> 


j«4 

where  v  tj-,  (z)  -  j-th  natural  aode 


/24/ 


qt/j(t)  -  generalised  coordinate  of  the  j-th  natural  aode  (a  ti- 
*  ae  function  describing  the  aotion  in  the  j-th  aode, 

till  now  unknown) 

v0(z>  -  aaplitude  of  seisaic  excitation,  naaely  deflection  line 
caused  by  unit  displaceaent  of  the  support.  For  cantile¬ 
ver  excited  by  translation  of  the  foundation  v*(z)  *  1  , 
for  rotation  of  the  foundation  v#(z)  *  z  . 
qa(t)  -  tiae  function,  describing  the  aagnitude  and  tiae  history 
of  the  excitation. 


Adding  the  daaping  into  the  beaa  equation  /l/  we  obtain 
D*v<z,t>  Dv(z,t> 

- -  ♦  2J4,iU/J  — - - +  EJ . .  »  0  /24/ 

0t‘  r  Dt  Dz4 

where  A-  relative  daaping,  equal  to  log.  decreaent/(2  Of)  . 

Substituting  the  solution  /24/  into  /25/,  aultiplying  the  whole 
equetion  by  a  certain  natural  aode  v(k)(z)  and  integrating  each  aea- 
ber  over  the  whole  beaa-length  we  obtain 

x  /26/ 

q  (,-,<*>  ♦  2AH/Jq,p  (t)  +  ktyq  t|,(t>  -  -  p(.}  [S.<t>  ♦  2/1  ^pqe<t)3 

where  following  siaplif ications  were  introduced 
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V^(z)  dz  S  0 


for 


k  f  j 


(orthogonality  of  natural 
■odes) 


=  «tp  for  k  =  j  (cf.  /16/) 

EJ  d',v  ,.j  (z?/dzl<  -  u),*jV  (z)  (cf.  /2/> 

4  u 

d  v0(z)/dz  =  0  <v0(z)  aeans  deflection  line  without  loading) 


v0  (z) 


(z)  dz/* 


‘4> 


generalised  coaponent  of  the  ex¬ 
citation  relating  to  the  j-th 
natural  *ode. 

The  second  ae*ber  on  the  right-hand  side  of  /26/  can  be  neglected  for' 
saall  damping.  The  equation  /26/  can  be  written  for  each  of  the  natu¬ 
ral  Modes  and  gives  *he  solution  for  each  generalised  coordinate  sepa¬ 
rately,  depending  on  the  tiae-history  of  the  ground-acceleration  q^t). 


2.2  Haraonic  excitation 


Eor  haraonic  excitation  with  circular  frequency  u> 
qc( t )  *  q0  sinUo  t) 
the  solution  of  /26/  is 


=  q  tp  5in(wt  +  fijV  /27/ 

where  the  amplitude 

qij)  =  Pci>/  (t 

and  the  phase  shift  against  the  excitation 

-  atan^2  u*.,  -<0*  )  j  . 

This  can  be  simplified  in  the  case  far  froa  of  resonance  ( to  f  lj(jj) 

=  <»o  Ptp/(  -  1)  ;  0  ;  -  X  /2B/ 

and  near  the  resonance  < (0  =  u> { jj ) 

q  tj>  *  qo  P / < 2  li )  ;  -'3C/2  /29/ 

Froa  this  generalised  coordinate  in  the  j-th  aode  we  obtain  the  aapli- 
tude  of  vibrations  in  this  j-th  aode  by  Multiplication  this  generali¬ 
sed  coordinate  by  the  corresponding  ordinate  of  the  natural  aode. 

Thus  for  the  displacement  we  calculate 


for  bending  aoaents 


Vj  <z,t)  -  v (z)  q  ,p(t) 

N  j  <*,t)  »  H^j(z)  q  (t)  , 


/30/ 

/31/ 


where  vt^(z)  ,  M  ^(x)  correspond  to  the  vibration  j-th  in  natural 
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■ode,  for  prismatic  cantilever  see  /IS/. 

Resulting  amplitude  of  the  response  will  be  obtained  as  a  sue  /24/ 
naaely 

v(z,t)  »  v0(z>  q0  sinui  +  vu)  (z>  q  t<)  sin(ucot  +  iptl)>  + 

* 

♦  vt^Cz)  qu)sin(«lot  ♦(fu))  +  ... 

In  the  case  of  aoderatly  daaped  structures  generally  only  one  tera 
prevails  in  the  sua,  naaely  that  one,  the  natural  frequency  of  which 
is  nearest  to  the  frequency  of  excitation. 


t 

2.3  General  deterainistic  excitation 


If  the  excitation  of  the  structure  is  given  by  aeans  of  a  certain 
tiae  function  (tiae-history  of  the  acceleration,  a  registration  of  a 
real  previous  earthquake  or  a  prescribed  artificial  earthquake) , the  e- 
quations  /26/  will  be  solved  nuaerically  for  appropriate  nuaber  of  na¬ 
tural  aodes.  The  resulting  tiae-history  of  the  response  will  be  calcu¬ 
lated  xroa  equ.  /24/. 


2.4  Randoa  excitation 


If  the  foundation  acceleration  q0(t)  is  a  randoa  function  descri¬ 
bed  by  its  power  spectral  density 

s**<f> 

(expressed  in  cycles  per  second  -  Hertz,  not  u)  in  rad/sec),  the  vari¬ 
ance  of  the  generalised  coordinate  <1  j  < t )  will  be 


/32/ 


where  the  absolute  value -of  the  coaplex  frequency  characteristic  (fre¬ 
quency  response  function,  aechanical  iapedance)  H ( i f >  is  according  to 
the  equ.  /26/ 

4 


16*"  f,;, 


C(l-(f/ft|)  >*  ji1 


♦4/f  (f/f,p  >*] 


/33/ 


In  the  case  that  the  power  spectral  density  can  be  considered  as  whi¬ 
te  noise  (is  constant  in  the  vicinity  of  the  natural  frequency  ftp), 
having  the  value  of  S^,  the  integral  /32/,/33/  can  be  simplified  to 


•  —  p  S  i;- 

t  r  «)>  0.0.  H 

16  It*'  fVj 


/34/ 


The  standard  deviation  (RHS  value)  of  this  coordinate  is  then  given  by 
the  square  root  (Fig.  4) 


13  - 


.-V&s  • 

\ 


p^|) _ 

r>;y|TT'” 


/35/ 


The  back,  transition  from  generalised  coordinates  q  tp  to  the  response 
according  to  /24/  is  in  principle  not  so' simple  with  random  processes, 
as  variance  and  spectral  densities  are  quantities  of  2nd  order  and  the 
sum* of  such  quantities  contains  not  only  the  sum  of  the  squares,  but 
also  the  mixed  products  of  one  quantity  with  all  other  ones  (cross¬ 
spectra).  Only  in  the  case  of  well-separated  natural  frequencies  and 
small  damping  of  the  structure  the  RKS  value  of  the  resulting  ampli¬ 
tude  at  the  point  z  can  be  taken  as 


Fig.  4  a)  Time  history  of  a  displacement  v(t)  (random  process) 

b)  Probability  density  of  the  process  f(v) 

c)  Construction  of  spectral  density  of  the  response  /32/ 
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2.5  Solution  using  response  spectre 


If  response  spectre  curves  have  been  used  for  the  description  of 
the  earthquake,  the* contribution  of  each  natural  node  will  be  deterai- 
ned  like  the  response  of  the  systaa  with  one  degree  of  freedoa.  Let  us 
suppose  that  to  the  j-th  natural  frequency  f  (or  j-th  natural  peri¬ 
od  I,i)*  1/fuj  )  end  to  a  given  structural  deeping  corresponds  the  or¬ 
dinate  of  response-spectrua  curve  K(ftj)  ) ,  given  by  a  graph,  table  or 
foraula  in  the  Buiding  Code.  This  scans,  that  an  one  degree  of  freedoa 
systea  with  the  natural  frequency  ft;j  and  with  the  certain  daaping, 
subdued  to  a  certain  earthquake,uill  reach  the  aaxiaua  response  of  aa- 
gnitude  K(f(jt  ).  In  practical  cases,  the  prescribed  response-spectrua 
curve  represent  either  displaceaent  R(disp,f),  velocity  R(vel,f)  or 
acceleration  R(acc,f). 

According  to  this  definition  of  response-spectra, the  j-th  genera¬ 
lised  coordinate  will  reach  during  the  earthquake  its  aaxiaua  value 


R(disp,ft^  )  , 


737/ 


*»»,*•««  rlj) 

the  aaxiaua  values  of  the  first  and  second  derivatives  of  this  coordi¬ 
nate  will  be 

■  "’!>  ■  \>  1 
Haxiaua  response  in  each  of  these  natural  aodes  uill  be  deterainated 
independently  7307,7247 


v(z)  * 

\  »« 


v, <z>  q,., 

max 


738/ 


or  siailarly  in  velocities  and  accelerations.  All  these  aaxiaa,  be¬ 
longing  to  different  aodes,  do  not  occur  siaultaneously  in  the  saae 
tiae  and  cannot  be  therefore  siaply  added  together.  An  exact  aethod  of 
superposition  of  these  contributions  of  individual  aodes  is  not  possi¬ 
ble,  the  codes  can  prescribe  different  ways  of  coabinations,  e.g. 


or 


v(z). 


v(*> 


tna* 


*  ^  Zvi  *  *  * 

J 

*  \l  v1  <*>  ♦  0.5  T  v*  (s> 

1  j-s*up 


7397 


where  v  is  the  absolutely  greatest  value  of  all  response  coapo- 
"  nents  vj,  , 

-  the  sua  j-sup  coaprehends  all  aeabers  v*  without  the 
aaxiaua  one.  * 
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3.  CONSTRUCTIONAL  DETAILS 


High  slender  structures  are  primarily  subdued  to  the  action  of 
wind,  which  Mostly  oust  be  considered  as  a  dynaaic  one.  Earthquake  e- 
vokes  dynaaic  stresses  too,  but  its  effect  has  usually  higher  frequen¬ 
cies,  larger  aaplitudes  and  Much  saaller  probability  of  occurence.  The 
wind  is  therefore  to  be  considered  as  loading  causing  daaages  through 
classic  fatigue,  the  earthquake  endangers  the  structures  through  low- 
cycle  fatigue.  Newertheless  the  iaaediate  cause  of  the  daaages,  viz. 
the  stress  concentration,  reMains  the  sane  and  should  be  avoided  froa 
both  reasons,  wind  and  earthquake.  Let  us  enuaerate  soae  iaportant  i- 
teas  froa  this  point  of  view. 

a)  Large  bending  aoaents  in  the  upper  part  of  the  structure  due 
to  vibrations  in  higher  aodes  (cf.  Eig.  2)  cause  often  daaages  on  chi- 
aneys  and  other  structures.  The  2nd  and  3rd  natural  frequencies  often 
fall  into  the  frequency  band  of  the  earthquake  excitation  (1-8  cps>; 
the  corresponding  peaks  of  bending  aoaents  along  the  length  of  the  st¬ 
ructure  reach  nearly  the  saae  value  as  the  bending  aoaent  at  the  foun¬ 
dation  -  this  is  of  course  a  fundaaental  difference  froa  the  static 
(and  even  froa  the  1st  aode  dynaaic)  response  to  wind  loading.  There¬ 
fore  a  seisaic  resistant  slender  structure  aust  first  of  all  have  e- 
nough  of  bearing  capacity  also  in  its  higher  parts;  the  only  increase 
of  design  static  loading  cannot  contribute  to  the  seisaic  safety  of 
structures  of  this  type.  High  brick-built  chianeys  and  towers  should 
be  avoided  in  seisaic  regions,  concrete  structures  should  have  the 
reinforceaent  sufficiently  strong  in  their  higher  parts  and  also  steel 
structures  aust  be  adopted  to  higher  bending  aoaents  in  the  upper  half 
of  their  height. 

b)  Host  structures  have  been  able  to  sustain  strong  earthquakes 
only  thanks  to  full  use  of  plastic  reserve,  but  this  reserve  is  liai- 
ted,  especially  with  repeated  stresses.  To  ainiaalize  the  foraing  of 
plastic  regions  during  the  noraal  service  of  the  structure,  the  stress 
flow  in  all  parts  of  the  structure  aust  be  as  saooth  as  possible  and 
aust  avoid  stress-concentrations.  The  flanges  at  the  connection  bet¬ 
ween  structure  and  foundation  or  between  different  patrs  of  the  struc¬ 
ture  should  be  well-stiffened  with  a  ring,  the  concentrated  forces  of 
anchore  bolts  or  in  attachaents  of  heavy  loads  or  supporting  coluans 
should  be  uniforaly  dispersed  into  the  structure.  The  anchore  bolts 
theaselves  need  to  be  long  enough  to  allow  soae  yielding  under  the  ex- 
treae  tensile  loading.  Besides,  the  plastic  reserve  cannot  be  exploi¬ 
ted,  if  buckling  effects  deterain  the  bearing  capacity  of  the  structu¬ 
re.  Eor  this  reason  the  stiffeners  austnot  be  aissing  on  walls  and 
shells. 

c)  Appropriate  attention  should  be  given  to  all  connections  and 
other  details.  Welded  connections  or  cut  edges  should  not  fora  notches 
neither  in  their  design,  nor  in  their  workaanship,  as  such  iaperfec- 
tions  can  cause  serious  stress  concentrations  and  the  initializing  of 
fatigue  cracks.  Siailarly  there  should  be  avoided  sharp  edges,  open¬ 
ings  without  appropriate  stiffening  etc. 


d)  S’ender  structures  anchored  by  the  use  of  guying  ropes  (guyed 
aastslrequire  a  large  site  with  one  foundation  block  for  the  east  body 
and  soae  other  blocks  for  the  guys,  the  distance  of  these  blocks  being 
even  several  hundreds  of  esters.  If  the  subsoil  under  all  these  blocks 
is  not  unifore,  different  settleaents  can  be  expected  after  an  earth¬ 
quake  and  the  change  in  horizontal  and  vertical  distances  between  the 
blocks  can  cause  additional  stresses.  Structures  of  this  kind  should 
therefore  be  built  in  unifora  foundation  conditions  t33. 


4.  ANIIVIBRAIION  MEASURES 


Ihere  are  several  aethods  of  liaiting  the  effects  of  vibrations 
in  dynaaics  of  structures.  When  diainishing  the  aaplitudes  of  stresses 
the  service  life  of  a  building  and  probability  of  surviving  the  dyna¬ 
mic  loading  increases  -  that  is  valid  fo-  both,  for  saall  long-teraed 
service  loadings  causing  fatigue  and  also  for  bigger,  only  severalti- 
aes  repeated  loadings,  causing  daaage  or  collapse  during  earthquakes. 

a)  Classical  aethod  of  aaplitude  reduction  by  the  change  in  tu¬ 
ning  between  the  natural  frequency  of  the  structure  and  the  frequency 
of  excitation  will  be  used  only  exceptionally,  in  such  localities  whe¬ 
re  the  frequency  band  of  of  seisaic  action  is  known  reliably  enough  in 
advance.  In  such  a  case  the  preliainary  dynamic  calculus  could  design 
the  stiffness  and  aass  distribution  in  such  a  way,  that  the  natural 
frequencies  do  not  fall  into  the  interval  of  earthquake  frequency. 

The  increase  of  natural  frequency  of  the  structure  will  mostly  be 
reached  by  strenghtening  the  structure,  sometimes  also  by  reducing  its 
aass.  JChe  decrease  of  natural  frequency  requires  the  opposite  -  incre¬ 
ase  of  the  aass  or  decrease  of  bending  rigidity  or  both.  An  effective 
aethod  of  softening  the  structure  is  to  sake  its  foundation  elastic, 
either  by  making  the  base-aerea  scalier  or  by  applying  elastic  bear¬ 
ings  from  steel  or  rubber  C 43  -  [73.  All  these  interventions  must  of 
course  be  done  carefully.  They  aust  take  into  consideration  not  only 
the  first,  but  also  higher  natural  modes,  and  besides,  they  mustnot 
affect  the  static  stability  or  wind-resistance  of  the  wind  resist¬ 
ance  of  the  structure. 

b)  An  universal  method  for  reducing  dynamic  effects  is  the  increa¬ 
se  of  structural  or  external  damping.  Slender  structures  have  in  gene- 
very  saall  damping  (relative  damping  0.002  for  welded  steel,  0.005 
are  quite  realistic  values)  and  this  makes  them  very  sensitive  to  dy- 
naaic  excitation  from  both,  wind  and  earthquake. 

To  Increase  the  damping  of  an  existing  structure  is  usually  dif¬ 
ficult.  Lining  or  concreting  cavities,  filling  of  hollow  spaces  with 
sand  or  soae  loos  material  or  coating  with  antivibration  plastics 
could  give  good  results  in  that  case  only,  that  this  energy  absorb¬ 
ing  material  is  being  really  deformed  together  with  the  bearing  const¬ 
ruction  and  that  its  absorbing  capacity  is  adequate  to  the  aass  of 
thevlbrating  structure. 


17  - 


Soaetiaes  it  could  be  possible  to  introduce  additional  daaping 
fro.  outside;  if  there  is  a  fixed  support  available  in  the  vicinity  of 
the  object  to  which  a  guy  or  a  brace  could  be  attached,  or  if  aore  ob¬ 
jects  can  be  connected  together  [83.  As  daaping  devices  can  be  used 
hydraulic  shock-absorbers  froa  rail  or  road  vehicles,  special  eleaents 
fr oa  suitable  plastic  aaterials  which  are  capable  to  absorb  energy  by 
their  deforaation,  or  friction  eleaents.  Atteapts  were  aade  to  use 
special  plastic  pads  between  the  steel  saoke-stack  and  the  concrete 
foundation  block  E93. 


c)  Special  antiseisaic  bearings,  which  are  soaetiaes  used  for  ia- 
portant  structures  like  nuclear  reactors  or  soae  special  buildings,  do 
not  seea  suitable  for  antiseisaic  insulation  of  high  slender  structu¬ 
res.  These  structures  are  threatened  also  by  wind;  antiseisaic  bea¬ 
rings  can  lower  the  horizontal  natural  frequency  under  the  frequency 
of  seisaic  action,  but  then  it  becoaes  near  to  the  frequency  of  wind 
action.  Besides,  further  lowing  of  the 
horizontal  rigidity  would  not  be  advi¬ 
sable  due  to  static  wind  resistance  too. 


d>  The  last  aentioned  disadvantage 
of  lack  In  horizontal  stiffness  can  be 
supressed  by  the  use  of  the  systea  of 
doubled  restrains  [103.  One  of  the  res¬ 
trains  is  rigid  and  brittle,  the  second 
is  soft  and  ductile  (Fig.  5).  In  ordi¬ 
nary  conditions  the  foundation  (or  any  7 
other  structural  part)  is  rigid  and  the  % 
structure  sustains  service-load,  winds  y, 
and  saall  earthquakes.  Vhen  the  hori-  y\ 
zontal 
a  certain 

break,  the  structure  obtains  saall  ri-  Fig 

gidity,  low  natural  frequency  and  can  - 

sustain  the  strong  earthquake.  After 
the  earthquake  the  rigid  supports  aust 
of  course  be  repaired  as  early  as  pos¬ 
sible. 


iu4'Jdnc3  •  bmcii  tuv  nur  *  /\  \  i 

stress  in  the  foundation  reaches  /)/<> /// >£•///  .N ///s> ///vN /// 
ain  li.it,  the  brittle  eleaents  ^///vV//xV/4V//>/// 


Foundation  block  with 
doubled  restrain 

-  eleaents  with  saall 
shear  rigidity 

-  brittle  bracing 


e)  Vibration  absorber  represent  an  additional  aass  attached  to 
the  aass  of  the  structure  in  a  way  that  Bakes  the  two  aasses  free  to 
aove  relative  to  one  another.  A  suitable  design  of  the  attached  aass 
can  ensure  that  the  aaplitudes  of  the  structure  will  grow  saaller  and 
that  the  energy  iaparted  to  the  structure  will  aanifest  itself  priaa- 
rily  as  a  aotion  of  the  attached  aass.  Such  absorbers  were  first  used 
for  daaping  vibrations  of  aachine  coaponents,  vibrations  of  electric 
power  transaission  lines  and  finally  also  for  daaping  vibrations  of 
civil  engineering  structures. 

For  the  design  'of  a  dynaaic  absorber  the  s*r’jc*'»r»  »»»n  in  aost 
cases  represented  by  a  systea  with  one  degree  of  freedoa,  the  natural 
frequency  of  which  corresponds  to  the  aost  dangerous  natural  frequency 
of  the  structure.  Adding  one  other  aass,  spring  and  daaping  to  this 
systea,  we  obtain  a  two-aass  systea  according  to  the  Fig.  6,  that  can 
be  solved  for  unitary  haraonic  exciting  force.  Resulting  aaplitude  of 


777^7/ 
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the  sain  mass  is  a  function  of  the  natural  frequency  of  -  the  absorber 
(its  ratio  vs.  the  natural  frequency  of  the  structure)  and  of  the  dam- 
pinq.  In  optieue  case  the  aeplitude  response  curve  is  flat,  without 
distinct  peaks.  Roughly  speaking,  if  the  absorber  lass  is  about  1/10 
of  the  eass  of  the  equivalent  one  degree  of  freedoe  systee,  its  natu¬ 
ral  frequency  should  be  slightly  sealler  than  that  of  the  structure 
and  relative  daeping  of  the  absorber  should  be  of  about  0.20.  Exact 
foraulae  and  graphs  for  the  design  can  be  found  in  till,  soee  adapta¬ 
tions  for  civil  engineering  structures  in  C123. 

Eor  low -frequencies  (fundaeental  aodes  of  the  structures)  will 
the  absorber  be  mostly  constructed  as  a  pendulum,  the  length  of  han¬ 
gers  1  determining  its  natural  frequency 

*  fT/~T /<2V>  . 

For  higher  natural  -frequencies  the  length  of  pendulum  hangers  would  be 
too  short;  in  such  a  case  supplementary  springs  must  be  used. 

Dynamic  vibration  absorbers  are  primarily  used  against  stationary 
excitations,  but  they  are  effective  also  against  shocks  and  transient 
loadings.  As  the  design  of  an  absorber  is  in  general  approximate  only, 
it  is  recommended  to  test  the  structure  with  the  absorber  and,  if  ne¬ 
cessary,  to  adjust  its  parameter  in  order  to  obtain  optimum  damping 
efficiency. 


Fig.  6  Scheme  of  a  vibration  absorber,  resonance  curves  for  different 

-  dampings  of  the  absorber  mass:  main  mass  amplitude *  v,k,  /F 

and  phase  shift  f  with  respect  to  the  exciting  force,  plotted 
versus  exciting  frequency  ratio  X  * 
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1 .  INTRODUCTION 


In  the  design  of  a  structure,  the  knowledge  ol  the  extreme  values  of  the 
response  quantities,  thai  is  d is  placements  and  internal  forces  or 
stresses,  under  applied  load,  is  of  great  importance.  To  obtain  the 
correct  extreme  values  for  dynamic  excitations,  full  time  histories  ol 
structural  response  quantities  have  to  be  determined.  This  can,  however, 
involve  lengthy  calculations.  Approximate  techniques  have  therefore  been 
developed,  such  as  the  response  spectrum  method,  which  predicts  the 
extreme  response  values  without  performing  a  full  time-history  analysis. 
But  because  these  methods  only  give  instantaneous  extreme  values  which 
they  themselves  may  not  be  a  proper  indication  of  the  damaging  potential 
of  dynamic  loadings.  For  design  purposes,  particularly  aspects  relating 
to  fatigue,  levels  of  occurrence  as  well  as  frequencies  of  maxima  are 
needed . 

For  linear  structural  behaviour  resulting  from  dynamic  excitation,  a 
random  analysis  provides  the  extreme  values  of  structural  response 
qualities.  This  analysis,  by  its  nature,  is  performed  in  the  frequency 
domain  and  avoids  any  calculation  in  the  time  domain.  The  advantages  of 
the  random  (stochastic)  analysis  over  response  spectrum  method  are  that  it 
gives  the  expected  (mean)  values  of  structural  response  quantities,  their 
probabilities  of  occurrence  for  defined  limits  as  well  as  frequencies  of 
occurrence  of  peaks. 

The  theory  of  the  random  vibration  has  a  well  established  background  for 
several  years  (1,  17,  18),  and  stochastic  dynamic  analysis  of  structural 
systems  based  on  the  random  vibration  theory,  has  been  matured,  especially 
in  the  last  decade.  To  this  end,  the  method  of  analysis  is  embedded  in 
some  well-known  general  purpose  structural  analysis  computer  programs, 
such  as  ADINA  |19|  and  STOCAL  112).  More  recently,  the  theory  is  expanded 


lo  include  the  stochastic  fatigue  reliability  ol  utt shore  structures  due 
to  wind  and  wave  forces  and  a  computer  program  SAI’OS  was  devel  opt'd  |20, 
21 1 .  PSAH  1 2 S |  was  developed  to  carry  out  a  practical  stochastic  analysis 
of  nuclear  power  plant  piping  systems  using  known  power  spectrum  density 
functions.  The  importance  of  cross-correlations  of  modal  response  and 
cross-correlation  of  multiple  support  excitations  on  the  stochastic 
responses  of  piping  systems  were  examined. 

The  objective  of  the  investigation  presented  here  is  to  study  the 
stochastic  response  of  suspension  bridges  in  particular  with  box-girder 
deck  inclined  hangers  and  slender  towers.  These  type  of  bridges  are 
studied  in  detail  by  the  authors  using  asynchronous  excitation  theory  for 
which  the  travelling  ground  motion  effect  is  considered  [22).  In  this 
study,  the  effect  of  cross-correlation  of  modal  response  on  mean  and 
extreme  values  of  bridge  responses  are  included  in  the  stochastic 
analysis.  A  further  study  was  also  made  of  the  extreme  values  of 
responses  obtained  by  the  Complete  Quadratic  Combi nation,CQC,  method  [10, 
11]  which  is  based  on  the  random  vibration  theory,  but  which  made  use  of 
the  response  spectrum  method.  In  both  of  these  methods,  either  in  the 
stochastic  or  CQC,  the  effect  of  cross-correlation  of  modal  responses  on 
the  extreme  values  is  considered. 


2.  RANDOM  PROCESS 


A  random  process  "(t),  consists  of  n  individual  funct  ions  x^(  t ) , 
xn(t)  n  ■»  «  which  are  recorded  for  a  physical  phenomenon.  For  a 

defined  time  t,  thus  n  values  of  stochastic  variable  x(t)  are  obtained. 
Fig.  (1).  The  mean  (expected)  value  of  this  random  process  is  defined  as 

1  n 

P  -  -  l  x(t)  -  E [ X ( t )  ]  n-H»  ,  (2.1) 

i-1 

where  E(  •  J  denotes  the  average  or  expected  value. 

The  autocorrelation  function  for  a  single  record  is  defined  as  the  average 
value  of  the  product  x(t)  x(t+t)  as 

Rx(t)  -  E[x(t)x(t+T)l  -  (2.2) 

If  the  process  is  stationary,  the  autocorrelation  function  will  be  only 
the  function  of  the  time  separation  i  .  When  the  time  interval,  t  , 
separating  the  two  measuring  points  is  zero  then  the  autocorrelation 
function  becomes  variance  as  defined  by 

R  (t“0)  -E[x(t)^)”E[x^)»o^.  (2.3) 

*  X 

A  stationary  Gaussian  process  can  also  be  characterised  by  its  spectral 
density  function,  Sx(w)  *  which  will  be  defined  as  twice  the  Fourier 
transform  of  i 

•  (2.4) 

It  can  be  shown  (3,  16)  that,  substituting  equation  (2.2)  into  equation 


1 


(2.4) 


V  "  > 


lira 
T  ■* 


2  X .  (  w) 


X^m  ) 


i-1 


(2.5) 


is  obtained;  where  T  denotes  the  duration  of  the  process  x.(  ■■>)  and  X(*(  > 

are  the  complex  conjugates  pairs  of  Fourier  transform  of  x(t).  sx(<*0  is  an 
even  function  of  id  .  The  inverse  transform  of  equation  (2.4)  gives 


*  f*  ion 

-  J  S  (  m )  e  d  ui  ,  (2.6) 

4  *  -m 


Rx  (0)  m  ii  I  s*<“)  dw  *  (2'7) 

-«o 

It  is  clear  from  equation  (2.3)  and  (2.7)  that  the  area  of  power  spectral 
density  function  of  the  response  is  directly  related  to  mean  square 
response  values.  This  expression  is  also  defined  as  zeroth  spectral 
moment  of  the  random  process. 

Once  the  spectral  density  S  (  oi  )  0f  a  stationary  random  process  x(t)  has 
been  calculated  then  it  can  be  used  to  calculate  the  mean  square  value, 

E( x  |,  according  to  equations  (2.3)  and  (  2.7).  It  can  also  be  used  to 
calculate  the  spectral  moments  of  processes  which  are  obtained  by 
differentiating  the  autocorrelation  function,  defined  in  equation  2.2, 
with  respect  to  x  .In  order  to  do  so,  each  term  of  the  form  x(t)x(t+x) 
in  summation  has  to  be  differentiated  in  respect  to  x  while  keeping  the 
time ,t .constant . 


rx(t)  - 
for  T  *  0, 


4  (Rx(t))  -  E  (x(t)  i  (t  +t)  ]  -  E  |x  (t  -  t)  i  (t)  1  . 

dx 


d2  (  R  (r)  )  -  -  E  |x(t  -i)  x  (t)|  -  -  K.d) 

—  x 

d  I 

-  4  - 


(2.9) 


where  [M),  (C)  and  (K)  denote  mass  damping  and  stiffness  matrices  and (  q  } 
and  {p} are  the  displacement  and  load  vectors.fq)  may  be  total  displacements 
or  displacements  relative  to  base  depending  on  the  exciting  effects.  In  a 
modal  formulation,  the  N  physical  coordinates ,{ q) are  expressed  as  a  sum  of 
M<N  modal  contribution  as 


(3.2) 


(q>  (y) 

where  [*]  denotes  the  N  x  M  modal  matrix  containing  the  first  M 
eigenvectors,  (^)  ,  r=lf2  .  M 

and  y  represents  ine  M  modal  coordinates.  Transformation  of  (3.1)  by 
means  of  (3.2)  leads  to 


m  y  +  c  y  +  k  y. 

r  7r  r  r  r  r 


(3.3) 


where,  {*  }  is  the  r  th  mode  of  vibration 
r 


and 


Ur>  IMJ  {^1  . 


Ur>‘  tCJ 


k  -  l*)1  IK]  U>  . 

r  r  t 


p  a  U  }T  (p) 
r 


(3.4) 

(3.5) 

(3.6) 


(3.7) 


If  it  is  assumed  that  [ C ]  'becomes  a  diagonal  matrix  after  transformation, 
i.e.  decouples,  then  equation  (3.3)  may  be  rewritten  as 


••  t  u  u  2  _ f 

yr  +  2  yr+  wr  yr  •  — ;r~ 

1  r  r  t 


(3.8) 


where  critical  damping  ratio 


(3.9) 


2  /T 


r  r 


-  6  - 


tHKMaUiX  : 


and  the  undamped  circular  natural  frequency 


r\ _ 

U)  »  1/  -  < 

r  r  m 


(3.10) 


of  the  r  th  node.  Equation  (3.8)  may  be  more  simplified  if  the 
eigenvectors  are  mass-normalised  as, 


■  *  1,  r  -  1,  ...M 


(3.11) 


If  each  value  of  the  modal  load,  Pr ,  defined  in  equation  (3.7)  is  assumed 
to  represent  stationary  random  process,  then  tak’ng  the  Fourier  transform 
of  equation  (3.7)  gives 


Pr(w),|*JT|P(“)('  (3.12) 

where  **,.<“)  and  }l‘(u)f  denote  the  Fourier  transforms  of  the  modal  load 
and  of  the  physical  load  vector  p,  respectively.  These  Fourier  transforms 
are  expressed  as 


|>r (t)e-iwtdt  . 


(3.13) 


The  Fourier  transform  of  the  nodal  coordinates  yr  ,  may  also  be  written  as 


(w)  -  j^y  r  ( t )  e  "  ^  Cd  t . 

6 

Substituting  equations  (3.13)  and  (3.14)  into  (3.8)  yields 


-  7  - 


(3.14) 


(3.15) 


(  -  w  +  21  ( 


r  r 


+  to 


Yf(  to)  -  Pr(  to)  . 


Then,  with  the  coaplex  frequency  response  function  defined  as 

H  (  w)  -  - = - 5 -  '  (3.16) 

^  to  —  w  +  21 4  to 

r  r  r 

tlie  relationship  between  nodal  coordinates  and  forces  related  to  the  rth 
■ode  of  vibration  oay  then  be  expressed  using  equation  (3.15)  as 


*r(w)-Hr(«)  P^(«).  (3.17) 

It  is  clear  froa  the  definition  of  the  coaplex  frequency  response  function 
that  it  is  the  response  to  a  unit  force.  In  a  matrix  notation,  for 
aultldegrees  of  freedoa  system,  Fourier  transforms  of  aodal  amplitudes  aay 
be  expressed  as  froa  equations  (3.17)  and  (3.12) 


|Y(to){-rH(«),l(*]T|p(«)|  '  (3.18) 

where,  (Y  (<•>)},  (p  (<■>)}  are  Fourier  transform  of  modal  coordinates 
y(t),  and  physical  load  vector  >jp^  >  respectively.  Hr(u)  is  the 
diagonal  matrix  of  the  aodal  frequency  responses  as  expressed  by  equation 
(3.16). 


Any  structural  response  quantity, 
froa  the  aodal  contribution  by 


«lj  (t) 


such  as  displacement, is  obtained 


Vc)&Vr(t)"WTiy(t)i  • 


(3.19) 


where,  ijr  is  the  contribution  of  the  r  th  mode  to  q  displacement 

J 


-  H 


(3.24) 


If  the  elements  of  the  load  vector  are  uncorrelated  then  [  sp  (w)  ] 

In  equation  (3.23)  reduces  to  a  diagonal  matrix.  For  1  ■  j  equation 
(3.24) gives  the  power  spectral  density  function  of  1th  displacement  output. 
This  equation  say  be  further  simplified  as 


For  the  case  where  a  structure  subjected  to  a  ground  acceleration,  then 
equation  (3.1)  becomes 


fM J  { H }  +  icm>  +  [ K ]  { q }  -  *g(t)  (3.27) 

where  18)  Is  the  ground  acceleration  direction  vector. 

It  contains  l’s  In  the  direction  of  the  ground  acceleration  and  0*s  In  all 

other  directions,  a  (t)  ground  acceleration  time  history.  Then  modal 
8 


10  - 


force  defined  in  equation  (3.7)  becomes 

P  -  -  {♦)T[M]{6}  a  (t)  0.28) 

r  8 

and  its  Fourier  transform  is 

Pr(w)  -  { ♦ }T[ M J (6)  A(u)  .  (3.29) 

By  comparing  equation  (3.29)  with  equation  (3.12)  the  Fourier  transform  of 
modal  forces  are  defined  as 

(P(w)}  -  {UJT  [MJ  {6}  }  A(o>)  •  (3.30) 


By  substituting  (3.30)  into  (3.21)  and  then  using  (3.22)  the  cross 
spectral  density  of  the  output  process  of  the  case  for  which  a  ground 
acceleration  is  used  as  input  may  be  defined  as 


Sin  <“> 


r-1 


IM, 

s«  1 


*ir  *Js  Hir 


(<**)  Hjs(u,) 


(3.31) 


The  equation  (3.31)  corresponds  to  equation  (3.23)  defined  for  the  case 

for  which  forces  used  as  input.  In  this  equation  ga  (w)  is  the 

in 

power  spectrum  density  function  of  input  ground  acceleration,  defined  as  , 


S.a  (<*•)  -  lim  1  ^  2  Ai,k(w)  A1,k(w)  n  ♦  - 

in  T-  n  k-1  T 


and 


(3.32) 


*ir  “  *lr{*r}  M 


(3.33) 


If  the  modes  are  not  mass-normalised  as  in  the  case  of  equation  (3.11) 


then 


*8  should  be  replaced  by 
ir 
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(3.34) 


♦  lr  -  *ir(4r}T{M!(tf}/(*rTHMlUr) 

In  equation  (3.31)  (tu)  la  always  a  real  valued  as  it  is  S>>  * 
Because  Indices  r  and  s  are  switched  in  complex  conjugate  expressions, 
therefore,  imaginary  terms  are  lost  in  the  summation. 

3.1  Mean  Square  Responses 

Of  interest  to  the  structural  analyst  are  the  zeroth,  first  and  second 
spectral  moments  of  the  response  quantity.  These  spectral  moments  are 
defined  in  terns  of  the  power  spectral  density  function  and  the  frequency 
by  substituting  (3.31)  into  (2.9)  and  (2.13) 

XmiJ  m2j  u>“  Sj^w)  dw  m  -  0,1,  2  .  (3.36) 

Substituting  (3.31)  into  (3.36)  gives  the  spectral  moments  of  response  in 
terms  of  the  modal  cross-spectral  moments  as 

MM 

A«iJ  |J0V  SL(W>  •  (3.37) 

m  -  0,  1,  2 
or 

M  M 

Xmij  r-f  s»l*ir^js  ^s,rs  .  (3.38) 


where  , 


X 

m,rs 


(3.39) 
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arc  the  cross  spenral  moments  ot  the  normal  coordinates  associated  with 
modes  r  and  s,  R„  denotes  the  real  part.  It  is  noted  that  because  S?  (m) 
is  symmetric  and  has  always  real-value;  therefore  only  the  real  parts  of 
the  cross-spectral  moments  are  of  interest.  Introducing  coefficients 


P 

m,  rs 


A 

m,  rs 


/* 


A 


m  =  0 , 


m,  rr  m, ss 

equation  (3.38)  may  be  re-expressed  as. 


2 


M  M  _ 

A  «  Z  I  ip  ill.  p  A~ 

mil  ,  .  ir  js  m,rs  m,rr  m,ss 

m  I  cc  I 


m  =  '},  1,  2 


(3.40) 


(3.41  ) 


For  a  particular  response  value  i.e.  i  *  j  and  i  and  j  indices  may  be 
dropped  for  simplicity.  From  this  expression,  the  zeroth,  A^  first, Aj  and 
second,  \2  ,  spectral  moments  may  be  obtained  simply  by  writing  m  =  0,  1, 

respectively.  Particularly  zeroth  and  second  spectral  moments, 
originally,  defined  in  equations  (2.9)  and  (2.13) 


*U  _  °  _  E[q(t)2] 

R 

£ 

X£  _  O*  , 

R 


(3.42) 

(3.43) 


are  the  mean  square  response  of  q(t)  and  its  time  derivative  q(t) 

respectively,  whereas  and  A„  are  the  mean  squares  of 

> rr  2 , rr 

the  rth  normal  coordinates  r  (t)  and  its  time  derivative  I  r^) 

r  1 

respectively.  These  normal  coordinates  are  defined  in  equation  (3.2). 
Also  from  the  definition  of  pm,rs  ,  it  is  clear  that  po,rs  and  p2  rs 
are  cross  correlation  coefficients  between  normal  coordinates y_(t)  and  y  (t 
and  their  time  derivatives  y  (t)  '  ,  .  . 


From  the  proceeding  theory,  it  is  clear  that  the  stochastic  dynamic 
analysis  results  in  the  mean  square  response  value  in  the  frequency 


1  3 


domain.  To  achieve  this,  modal  mean  square  response  value  have  to  be 
obtained  first  by  the  closed  form  solution  of  equation  (3.39).  These 
solutions  for  white-noise  and  filtered  white-noise  (13)  are  relatively 
easier  because  their  power  spectral  densities  are  in  the  form  of 


S(oj)  -  S. 


(3.44) 


S(«)  “ 


4  2  2  2 

fa)  +  44  fa)  fa) 
g  g  g 


(u 


respectively. 


Where  S 


fa)2)  +  4C2  w2  w2 
g  g 


is  the  scale  factor  and 


the  filter  frequency  and  damping  coefficient, 
white  noise  with  «_•  5* 


g 


and' 


g 


(3.45) 


are 


It  is  noted  that  a  filtered 
in  earthquake 


-  .  and  C  *  0.6  is  commonly  used 

o  8 

engineering  to  model  the  ground  acceleration  process  (2,  13). 


It  was  shown  by  Der  Kiureghian  (9]  that  \ft,rs  are  sensitive  to  the 

shape  of  input  power  spectral  density,  whereas  the  coefficients  p  remains 

relatively  Indifferent  for  wlde-band  inputs.  It  was  also  proved  by  the 

same  author  that  correlation  coefficients  pm,rs  defined  in  equation 

(3.40),  rapidly  diminishes  as  the  two  modal  frequencies  u'r  and  ws  move 

apart.  Thus,  for  the  wlde-band  Inputs,  cross  terms  in  equation  (3. 'si; 

becomes  only  significant  for  modes  with  closely  spaced  frequencies.  He 

has  suggested  the  following  expressions  for  correlation  coefficients  to  be 

% 

used  for  any  arbitrary  power  spectral  density  shapes  based  on  first-order 
approximations  (9,  10). 


p0,rs  -  +  1,1  a) 2 (^r  +  C  s)  +  (Mr  -  M  s  )  (Cr  -  C 


JUJ, 


rs 


l,rs  -  r  +  “  »>2(*r  +  ^  s)  -  4  (wr  -  M  s)2/w  1 


i  (3.46) 


rs 


2*rs 


where  . 
K 


rs 


rs 


-  4  (  fa)f  -u>9)  (“r  +  fa)#)2  (4^  +  c  )2  . 
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With  the  expressions  given  in  equation  (3.46),  to  evaluate  equation  (3.41) 
in  order  to  calculate  mean-square  responses,  it  is  only  necessary  to 
compute  the  spectral  moments  for  individual  normal  coordinates,- 
expressed  by  equation  (3.39).  For  r  “  s,  this  equation  leads  to 


»  l  oo  « 

m.rr  -  /"id®  S.a(w)|  H  (w)  |  du  m  -  0,  1,2 

/n  0  m  r 


(3.47) 


When  m  -  0,  then  equation  (3.47)  correspnds  to  the  mean  square 
displacement  response  for  the  rth  mode.  In  addition,  when  m  ■  2,  the  same 
equation  defines  the  mean  square  velocity  response  for  a  particular  mode. 
Therefore,  using  equations  (3.42)  and  (3.43)  modal,  zeroth  and  second 
spectral  moments  are  expressed  as 


\  '  »RZ  '  E  'V'>2'  '  Vrr  • 


(3.48) 


X2  “  °R2  "  E  ^9r(c)2]  *  *2,rr  , 


(3.49) 


3.2  Mean  Peak  Response 

In  the  analysis  of  structures  to  dynamic  loadings,  the  parameter  of  most 
interest  is  the  expected  (mean)  peak  value  of  a  structural  response 
quantity.  This  peak  value  is  compared  with  allowable  yield  limit  which  is 
defined  in  the  code  of  practice  for  design  purpose. 

The  mean  peak  response,  M  ,  and  its  standard  deviation,  a  •  can  be 
expressed  in  terms  of  the  probability  density  function  p(x)  and  the  level 
of  variable,  x  ,as 

P-  El  *  J  -  fo  «  p(x)dx  ,  (3.50) 


15 


(3.51) 


2 

a  *  E 


l<* 


m)2i  -  rc« "  p(*> dx 

0 


Probability  density  function  Itself  is  obtained  by  differentiating  the 
cuaulative  probability  function ,F(x).  as 


P(x)» 


dF(x) 

dx 


(3.52) 


Using  equation  (3.50)  and  (3.51)  mean  and  standard  deviation  of  x  aay ,  in 
general,  be  writen  in  teras  of  the  root  aean  square  response  , 


M  ■  p  /  X 

0 

o  a  q  /r; 


(3.53a) 

(3.53b) 


where  p  and  q  are  peak  factors  corresponding  to  a  ground  motion  duration, 
and  aean  zero  crossing  rate, v  . 


Several  aethods  for  deteraining  the  peak  factors  have  been  proposed  in  the 
literature.  Davenport's  f 14 ]  suggestion  is  based  on  the  maxlaua 
behaviour  on  a  Poisson  'threshold  crossing'  model  which  gives  p  and  q  peak 
factors  as 

P  -  /  (2  In  vi)  ^  °-5772  .  (3.54) 
/(2  lnvt) 


q 


where 


(3.55) 
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uer  Kiureghlan  { 9 , i G }  has  shown  that  Davenport's  result  tends  to 
overestimate  the  mean  and  underestimate  the  standard  deviation  since 
threshold  crossings  are  considered  independent  in  the  Poisson  model. 
However, for  large  values  of  vt  (vt>5000)  such  as  in  wind  and  ocean 
engineering,  Davenport's  expressions  for  peak  factors  will  he  used  [10]. 
Kiureghian  suggests  that  in  order  to  account  for  the  dependence  between 
threshold  crossings,  ue  ,  which  represents  an  equivalent  rate  of 
statistically  independent  crossing,  should  be  used,  in  which  case, 


1.2 


Si  lnv  t  ) 
e 


0.5772 


/(2  lnv 

e 


(3.56) 


-  1-2 
/(2  lnv  t  ) 


5.4 


13  +  (2  lnv  x) 
e 


3.2 


where 


U.6360'45  -  0.38)  v 


*or 


*2 

T 


«  <  0.69  , 
6  >  0.69  , 


is  the  mean  zero-crossing  rate  of  the  process  and 

T 


r~A 

''"--TT, 


) 


(3.57) 


(3.58) 

(3.59) 


(3.60) 


is  the  shape  factor  for  the  response  power  spectral  density  with  a  value 
between  zero  and  unity.  (A  small  value  for  &  denotes  a  narrow-band 
process  whereas  a  value  near  unity  denotes  a  wide-band  process  [14]).  The 
established  values  of  p  and  q  are  for  10<  vt  <  1000  and  0.11  <  6  <1  , 


which  are  of  interest  in  earthquake  engineering  [11).  Vanmarcke  (12,14) 
also  calculated  p  and  q  values  and  derived  a  cumulative  probability 
distribution  function  for  the  first-crossing  time  of  a  symmetric  barrier 
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(  x  as  shown  in  Fig.  1)  for  a  zero  moan  stationary  (Jaussion  process.  In 
his  formulation  the  cumulative  distribution  of  the  peak  absolute  response, 
R  ,  over  a  duration,  t  •  defined  as 


R^  -  max |  R(t)  j  , 
can  be  expressed 


(3.61 ) 


r  (r) 

Rr 


r 

r 

- 

1  -exp  (-s2/2) 

exp 

....  1  -  e  x  p  (-/  (tt  /2)  6  es 

L  exp  (s2/2)  -  1 

in  which  , 


X  X 

m  _ m  (3.62a) 


is  the  normalised  barrier  v  and  6  are  defined  in  equation  (3.59)  and 
(3.60)  and  6^  -  61'2.  Km  is  the  defined  barrier  level. 

Tn  this  analysis,  Der  Kiureghlans's  peak  factors  values  and  Vanmarche 's 
cumulative  distribution  function  are  used.  Furthermore,  the  parameters 
defined  above, ^>6  ,  P  and  q  are  for  the  rth  normal  coordinates.  For  the 
simplicity,  the  indices  are  dropped. 


3.3  Response  Spectrum  Method  for  Random  Vibration 

The  objective  of  this  section  is  to  explain  a  procedure  for  evaluating  the 
response  of  e  multi-degree-of-freedon  system  when  the  input  is  zero-mean 
wide-band,  stationary  Gaussian  process,  specified  through  its  mean 
response  spectrum. 
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LetS^(u,(  Represent  the  mean  value  of  the  maximum  absolute  response  of  an 
oscillator  over  duration  i  ,  of  its  stationary  response  to  a  stationary 
Input  excitation  R< t )•  where  m  and  c  are  the  oscillator  frequency  and 
damping  coefficient,  respectively.  Using  equation  (3.59),  the  mean 
zero-crossing  rate,  v  ,  and  the  shape  factor,  &  ,  for  the  rth  mode  of 

vibration  may  be  expressed  as 


v 

r 


l 

x 


0,rr 


(3.63) 


1  ^rr 


6  -  /  1 - -  •  (3.64) 

r  Y  x  x. 

0  »rr  2 , rr 

It  was  shown  by  Der  Kiureghian  [10]  that  vr  and  6^  are  not  too 
sensitive  to  the  shape  of  the  input  power  spectral  density  function, 
provided  that  the  input  is  wide-band  and  that  the  oscillator  frequency  is 
not  beyond  the  significant  range  of  input  frequencies.  For  response  to  a 
wide-band  input  with  arbitrary  power  spectral  density  function ^he 
suggested  a  more  simplified  value  for  and  d  as 
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(3.65) 

(3.66) 


Once  the  mean  zero-crossing  rate,  %  and  shape  factor,  6  ,  are 

calculated  for  a  particular  mode,  then  corresponding  peak  factors,  as 
defined  in  equations  (3.56  -  3. 57), may  be  calculated  in  terms  of  frequency 
contents  and  the  duration  of  input  dynamic  effects. 

From  the  definition  of  the  mean  response  spectrum,  it  is  clear  that 
%  ^Wr’^r  ^  is  the  mean  of  the  absolute  maximum  of  the 
r  th  normal  coordinate,  y<t),  defined  in  equation  (3.2).  Thus  using  the 
equations  (3.53)  and  (3.62a) 
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(3.67) 


rx 
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■ay  be  written,  where  ®  (  (“r  •  ^r)  and  p  are 

predefined  and  calculated.  In  this  equation,  the  only  unknown  Is  the 
zeroth  spectral  aoaent  which  is  calculated  as 


i.rr 
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(3.68) 


Furthermore,  using  the  equations  (3.63)  and  (3.64)  together  with  the 
equations  (3.6S,  3.66)  then  the  first  and  second  spectral  aoaents  for  the 
rth  noraal  coordinate  are  obtained  as 
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l.rr 


and 


2.rr 


respectively. 
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(3.70) 


Substituting  equations  (3.68,  3.69  and  3.70)  together  with  the  equations 
(3.46)  in  equation  (3.41),  the  spectral  aoaents  and  *2 

of  the  response  power  spectral  density  are  coaputed  in  terms  of  the 
response  spectrua  ordinates.  These  aoaents  can  then  be  used  to  calculate 
the  cumulative  probability  distribution  of  the  peak  response  and  various 
statistical  quantities.  In  particularly  the  aean  aaxiaua  response  in  aode 
r,  aay  be  expressed  as 

.  _  (3.71) 

whe  re  , 
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)  is  the  effective  modal  participation  factor  defined  In  equation 

(3.34).  Then  utilising  equation  (3.41 >  in  conjunction  with  equation  (3.36 
-  3.70),  the  root-mean  square  of  response,  o  ,  and  root-mean  square  of 

K 

response  rate,  o-  may  be  obtained  as 
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(3.73) 


Mean  of  peak  response,  R  ,  and  standard  deviation  of  peak  response 
may  be  expressed  as, 

mm2 
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The  response  mean  frequency,  denoted  by  w  which  may  be  expressed  as 
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Der  Kiurghian  (10)  have  shown  that  equation  (3.74)  and  (3.76)  may  be 
further  simplified  as 


R  -  (E  E  p  R  R  )lj 
x  a  o.rs  rt  st 


(3.77) 
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For  structures  with  well -separated  frequencies  the  cross-correlation 
coefficients,  rs  ,  (  r  *  s  )  .  vanishes.  Then  only  the  terns  In 
pm  rs  (r  =  s)  remains.  Since  these  terns  are  equal  to  unity,  then, 
in  this  particular  case,  the  equation  (3.77)  reduces  to 


R 
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<*  >% 
r  1  * 


(3.79) 


This  is  however  a  well  known  square-root-of-sum  of  square  (SKSS)  method. 

The  response  calculation  of  structural  systems  to  any  dynamic  loading 
defined  with  equation  (3.77)  is  called  the  complete  quadratic  combination 
(CQC)  method  [Hi.  The  CQC  method  which  is  based  on  the  random  vibration 
theory  is  especially  suggested  for  the  structures  which  have  natural 
frequencies  closely  spaced.  A  typical  example  of  such  structures  are 
nuclear  power  plants,  building  structures  with  symmetric  layout  but  not  in 
mass  and  particularly  suspension  bridges. 

The  application  of  the  above  theories  based  on  the  stochastic  analysis  are 
demonstrated  on  different  suspension  bridges  and  comparison  of  results 
from  CQC  method  and  stochastic  analysis  were  carried  out. 

4.  STOCHASTIC  RESPONSE  OF  SUSPENSION  BRIDGES 

In  this  section,  the  stochastic  responses  of  the  Dolerv  [23],  Bosporus 
(22)  and  Humber  [22]  bridges  were  examined.  These  bridges  cover  a  large 
variety  particularly  in  dimensions.  The  Dolerw  bridge,  which  has  only  50 
a  main  span  with  vertical  hangers  and  concrete  deck,  forms  one  extreme 
size  in  dimension  .  Bosporus,  with  box-girder  deck,  Inclined  hangers 
steel  towers,  without  any  side  spans  supported  by  cables,  has  1074  a  main 
span.  There  are  several  suspension  bridges  with  main  span  around  1000  m 
long. 

The  Humber  Bridge,  however,  has  the  longest  main  span,  1410  m(ln  the  world 


n 


with  a  total  Length  of  2220  ra.  The  latter  way  well  be  accepted  as  another 
extreme  case  in  dimension.  This  bridge  has  a  box  girder-deck,  inclined 
hangers,  two  side  spans  (280  o  and  530  m  each  length)  and  concrete  towers. 
With  these  geometries,  the  fundamental  periods  of  these  chosen  bridges 
vary  between  1  -  10  seconds  in  the  vertical  plane.  The  reason  for 
choosing  these  extremes  is  to  elucidate  the  applicability  of  the  theory 
and  the  verification  of  assumptions  involved  in  the  definitions  of  peak 
values. 

The  above  mentioned  bridges  were  first  subjected  to  S16E  component  of  the 
Pacoima  dam  record  during  the  San  Fernando  earthquake  in  1971,  Fig.  la. 
Since  the  analysis  was  performed  in  the  vertical  plane,  the  ground  motion 
is  also  applied  in  vertical  direction  and  the  amplitude  of  the  recorded 
acceleration  values  is  multiplied  by  the  factor  of  2/3.  The  detail  of 
the  considered  bridges  and  their  mathematical  modelling  are  given  in 
references  [22]  and  [23]  therefore,  not  repeated  here  again. 

The  stochastic  analysis  was  based  on  the  calculated  power  spectrum  density 
function  of  the  input  acceleration  which  is  shown  in  Fig.  lb. 

Maximum  values  of  displacements  and  forces  were  calculated  using  Completed 
Quadratic  Combination  (CQC)  method.  These  are  then  compared  with  mean 
peak  values  obtained  by  the  former  method. 

4 . 1  The  Dolerw  Bridge 

The  stochastic  analysis  of  the  Dolerw  Suspension  bridge  was  carried  out 
using  the  procedure  described  above.  Root-mean-square  and  mean  maximum 
displacements  due  to  vertical  ground  motion  were  shown  in  Fig.  2.  The 
former  one  is  obtained  as  a  square  root  of  the  zeroth  spectral  moment  as 
defined  in  equation  (3.36).  Mean  peak  values  of  displacements,  were 
also  calculated  using  equation  (3.53).  Root-mean-square  of  displacements 
at  the  mid-point  of  the  span  is  4.17  cm  whereas  the  maximum  of  mean  peak 
displacement  is  10.7  cm.  For  the  comparison,  the  maximum  displacement 
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response  of  the  bridge  wat  calculated  using  CQC  method,  as  described  In 
section  3.3  The  displacements  were  depicted  in  Fig.  2a. 

The  average  frequencies  of  occurrence  of  mean  maximum  vertical 
displacements,  shown  in  Fig.  2b,  which  are  larger  for  the  displacements  of 
nodal  points  nearer  to  towers  than  those  of  the  centre.  They  have  the 
values  in  the  range  of  1.89  -  1.2  Hz.  The  general  tendency  is  that  the 
smaller  the  displacements  the  higher  the  average  frequencies  of 
occurrence. 

To  verify  the  validity  of  the  results  calculated  using  the  stochastic 
analysis,  the  tiine-history  analysis  of  the  bridge  was  performed.  From 
this  analysis,  the  time-history  of  the  vertical  displacements  of  the  deck 
at  the  mid-point  was  calculated  and  shown  in  Fig.  3.  Through  the 
examining  of  the  history  record  the  following  conclusions  may  be  drawn. 

a)  The  displacement  time-history  does  not  end  as  soon  as  the  eftecc  or 
the  earthquake  terminates.  But  the  bridge  has  several  peak  values 
with  zero  crossing  within  the  duration  of  the  earthquake  record. 

b)  The  maximum  Of  displacements  is  higher  than  the  calculated  maximum 
by  the  CQC  method.  This  is  rather  attributable  to  differences 
between  these  two  methods  of  analyses. 

c)  The  mean  peak  values  obtained  by  the  stochastic  analysis  is  smaller 
than  the  maximum  values  obtained  by  the  CQC  method.  It  may  be 
easily  visualised  by  checking  the  time  history  of  the 
displacements,  Fig.  3,  that  the  mean  peak  value  being  10.7  cm  is  a 
right  value.  In  cases  where  several  peak  responses  can  occur 
within  the  duration  of  an  earthquake,  the  assumption  used  for  the 
calculation  ox  mean  peak  values  prove  to  be  justified. 

d)  The  time-history  analysis  also  proves  that  the  average  frequency  of 
occurrence  being  1.2S  second  is  also  right.  Due  to  the 
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need,  however  to  expand  the  earthquake  record  by  addin;’,  s  one 
trailing  zero  at  the-  end. 
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4.2  The  Bosporus:  Bridge 


Mean  peak  and  root  mean  square  values  oi  displacement  response  were  shorn 
in  Fig.  7a.  Mnxianro  displacements  by  the  OQC  method  were  also  calculated 
and  plotted  on  the  same  graph.  It  Is  evident  from  the  analysis  that  the 
difference  between  mean  peak  values  and  the  max  I  mum  c'  spl  cc  events  reach -.s 
up  to  5  cm  at  most  at  the  raid  point.  However,  if  nnxi'.Him  displace  ton  At; 
are  calculated  .y  the  time-history  analysis,  the  difference  rcacb.es  up  ko 
15  cm  for  the  same  point.  To  clarify  this  point  fuith-r,  the  time  history 
of  the  displacement  response  of  the  mid-polnl  are  plotted  and  shown  in 
Fig.  H.  It  Is  very  obvious  from  the  plot  that  the  dl  splf.ee  o- nr  s  «:  II 
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have  large  values  even  after  the  earthquake  terminates.  Also,  the  mean 
peak  value,  68  cm,  calculated  by  the  stochastic  analysis  Is  almost  an 
average  value  of  the  two  peaks  with  positive  zero  crossing  on  the  history 
plot.  This  indicates  the  correctness  of  stochastic  response  analysis.  The 
results  may  be  accepted  even  more  reliably  bearing  the  fact  in  mind  that 
the  coefficients  relating  zeroth  spectral  moments  to  mean  peak  values  are 
themselves  based  on  the  same  simplifications  and  prone  to  error  up  to  6X 
[12]. 

Average  frequencies  of  occurrence  of  displacements  are  shown  in  Fig.  7b. 
Its  lowest  value  0.19  Hz  (T  “  S.2  second)  is  for  the  displacements  at  the 
mid  point.  The  justification  of  this  value  may  also  be  detected  through 
the  analysis  of  the  time  history  plot,  in  Fig.  8.  It  is  certain  that  the 
vertical  displacement  response  will  atlll  continue  even  after  the 
termination  of  the  earthquake  input  with  appreciable  amplitude-  This 
reflects  itself  in  the  stochastic  analysis.  If  trailing  zeros  were  added 
after  the  earthquake  record  to  account  for  longer  duration  and  for  more 
refined  stochastic  analysis,  root-mean-square  of  responses  and  mean  peak 
responses  do  not  diminish  rapidly,  for  the  duration  of  “  20  and  ‘27 
secohds.  .  The  variations  of  vertical  stochastic  responses  by  time  are 
shown  in  Fig.  9  a  and  9  b. 

In  Fig.  10,  root-nean-square ,  mean  peak  and  maximum  of  longitudinal 
displacements  are  shown.  The  latest  is  the  largest  and  obtained  by  the 
CQC  method.  As  in  the  case  of  the  deck,  mean  peak  displacements  and 
maximum  displacements  have  similar  values.  Fig.  11  and  Fig.  I7  show  mean 
maximum  and  maximum  bending  moments  of  the  European  tower  and  the  deck 
respectively.  Bending  moments  by  different  methods  in  both  parts  of  the 
bridge  do  not  vary  significantly. 

The  cumulative  distribution  function  of  the  vertical  displacements  at  the 
mid-point  of  the  deck  are  shown  in  Fig.  13.  It  shows  that  the  probability 
of  occurrence  of  the  mean  peak  displacement  is  about  55%. 
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4.3  The  Humber  Bridge 


Mean  (expected)  peak  and  root-nean  square  values  of  vertical  displacement 
response  of  the  deck  of  the  Humber  bridge  were  shown  in  Fig.  14a.  The 
latter  is  the  square-root  of  the  zeroth  spectral  moments  where  as  the 
former  is  calculated  by  multiplying  the  square  root  of  zeroth  spectral 
moment  by  a  peak  factor  as  defined  in  equation  3.53a.  The  maximum  values 
of  vertical  displacements  of  the  deck  were  determined  by  the  CQC  method 
and  were  depicted  on  the  same  graph.  These  analyses  were  performed  for 
the  duration  of  13.5  seconds.  , 

The  results  show  that  the  mean  peak  displacement  responses  are  smaller 
than  those  of  maximum  values  calculated  by  the  CQC  method  with  the 
exemption  of  displacements  at  the  central  area  of  the  main  span  where  mean 
peak  responses  are  slightly  bigger.  Because  of  the  definition  of  mean 
peak  displacement  response  they  should  not  be  expected  to  be  bigger  than 
their  maxima.  There  are,  however,  several  factors  Involved  which  may 
cause  this  error: 

a)  The  CQC  method  of  analysis  itself  is  prone  to  error  because  of 
numerical  procedure  involved  in  calculating  the  spectral  values  and 
in  the  determination  of  the  contribution  of  cross-spectral  terms  to 
the  total  displacements.  To  verify  this  point  a  time-history 
analysis  was  performed  to  obtain  maximum  displacements.  In  this 
case,  the  results  seem  to  be  Improved  and  the  difference  between 
mean  peak  and  maximum  responses  are  reduced. 

b)  The  determination  peak  factors,  which  relate  zeroth  spectral 
moments  to  mean  peak  response,  is  also  eroneous.  It  was 
reported,  however,  that  up  to  6JE  error  will  be  likely  to  occur 
[121. 

c)  Perhaps  the  most  important  of  all  is  the  lack  of  peak  values  within 


the  earthquake  duration.  An  independent  time-history  analysis  of 
the  vertical  displacements  at  the  aid-point.  Fig.  16,  proves  that, 
displaceaent  tiae-history  is  almost  reaching  a  peak  point  just 
after  the  earthquake  duration  is  terminated.  Based  on  these 
time-history  records  with  only  a  few  peaks,  to  perform  a  stochastic 
analysis,  however,  may  not  be  a  very  healthy  procedure. 

d)  If  soae  trailing  zeros  were  added  to  the  end  of  the  earthquake 
record,  mean  peak  responses  become  smaller  than  their  maximum 
values.  Figs.  15  and  17.  As  shown  in  Fig.  17.  A  sudden  drop  in  the 
mean  peak  values  as  soon  as  an  earthquake  record  extends  beyond 
13.5  aecandsis  perhaps  due  to  the  inclusion  of  a  peak  value  with  a 
positive  zero  crossing  at  13.5  second. 

Average  frequencies  of  occurence  of  displaceaent  responses  are  shown  in 
Fig.  14b  with  a  minimum  value  of  0.15  Hz.  The  justification  of  this  value 
is  also  noticeable  on  the  time-history  plot.  Fig.  16. 

Longitudinal  displacements  of  the  Hessle  tower  is  shown  in  Fig.  18.  The 
root-aean-square,  mean  peak  and  maximum  displaceaent  at  the  top  are  3.8, 
5.8  and  8  cm  respectively.  Their  expected  orderly  values  may  well  be 
explained  by  the  fact  that  the  towers  are  more  rigid  than  the  deck  and 
have  higher  frequencies  which  may  result  in  having  more  peak  within  the 
duration  of  the  earthquake  record. 

Maximum  and  mean  maximum  bending  moments  of  the  deck  and  towers  are  shown 
in  Fig.  19  and  20,  respectively.  As  it  is  expected  mean  values  are 
smaller  than  the  maximum  ones. 


5.  CONCLUSIONS 

1.  The  stochastic  analysis  of  suspension  bridges  to  earthquake  forces 
generally  require  a  longer  input  because  of  lower  natural 
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frequencies  of  these  type  of  structures. 


The  preceeding  analysis  shows  that  the  stochastic  method  may  well 
be  performed  even  moderately  during  long  earthquakes,  say  up  to  IS 
seconds. 

Apart  from  mean  peak  response  and  root-mean  square  of  response 
quantities,  their  average  frequencies  of  occurence  and 
probabilities  of  occurence  may  also  be  obtained  by  the  stochastic 
analysis. 

If  the  aim  of  analysis  is  based  on  the  calculation  of  mean  peak 
responses,  the  stochastic  analysis  may  be  exempted  with.  In  this 
case,  a  response  spectrum  method,  CQC,  may  well  be  used. 
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Abstract!  A  simple  numerical  procedure  depending  on  shear  wave 
propagation  concept  is  proposed  in  this'  study  which  can  be  employed 
to  obtain  earthquake  response  of  brick  masonry  structures.  In 
order  to  develop  this  numerical  procedure ,  brick  masonry 
structures  are  considered  as  consisted  of  series  of  shear  walls 
with  window  or  door  openings.  Then,  each  brick  shear  wall  is 
considered  as  a  layered  elastic  media  and  each  layer  corresponds 
to  a  vertical  segment  of  the  brick  wall  in  which  the  shear  stiffness 
is  uniform  and  there  is  no  strong  geometrio  irregularities  such 
as  door  and  window  openings. 

In  this  study,  dynamic  response  of  brick  masonry  structures 
subject  to  ground  motion  is  represented  by  simple  wave  propagation 
concept  including  soil  structure  effect. 


1.  INTRODUCTION 

There  have  been  appeared  several  numerical  or  experimental 
procedures  in  the  literature  £l,2,3,  act.]  which  have  been  suggested 
to  determine  the  dynamic  response  of  brick  masonry  structures 
subject  to  ground  motions.  Some  of  these  studies  employ  a  mathematical 
model  suitable  for  the  finite  element  representation. 

In  this  study  an  efficient  and  very  simple  numerical  procedure 
developed  which  is  conveniently  employed  for  computing  the  elastio 
dynamic  response  of  briok  masonry  struotures  subject  to  ground 
motion,  without  any  numerical  instability  problem. 


2 


This  numerical  method  is  based  on  simple  wave  propagation 
oonoept.  Proa  the  point  of  viev  of  this  oonoept,  dynamic  response 
of  briek  wall  structures  are  the  results  of  imposition  of  arriving 
ground  waves  from  the  base  and  already  circulating  waves  due  to 
reflection  from  heterogeneities  and  outside  boundaries. 

Similar  simple  and  efficient  numerical  method  has  been 
produoed  for  the  speedy  determination  of  the  elastic  or  elasto- 
plastle  dynamic  response  of  orthogonal  plane  frames,  including 
P-A  and  soil  structure  interaction  effects  by  UZGIDER,  E.A.  and 
AYDO&LE,  M.  [4,5] 


2.  MATHEMATICAL  FORMULATIOH 

Consider  the  -relation  between  lateral  force  Q  applied  to 
the  briok  masonry  wall  model  shown  in  Fig.  I  and  corresponding 
top  level  lateral  displacement  v, 

Q-Sv  (1) 

in  which  S  is  the  lateral  stiffness  of  briok  wall. 

For  the  briok  wall  model  considered  herein,  the  stiffness 
S  can  be  given  as. 


1.2  h 

in  which  h  is  the  height  of  the  wall,  Q  is  shear  modulus  of  the 
wall,  A  is  the  oross  sectional  area  of  the  wall,  and  t  is  the 
wall  thiokness. 

Actually,  a  typioal  load  oarrying  wall  of  the  briok  wall 
structures  aan  be  divided  into  the  vertioal  segments  in  which  the 
lateral  stiffness  as  well  as  the  weights  are  uniform. 
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Then,  considering  equilibrium  condition  and  equality  of 
lateral  displacements  and  employing  the  lateral  stiffness  expression 
given  in  Bq.2,  one  can  easily  oaloulate  the  lateral  vertical  sequent 
stiffness  of  a  typical  briok  wall  as  is  shown  in  r'ig.-;.  This 
lateral  segment  stiffness  relates  the  relative  lateral  segment 
displacement  to  the  total  segment  shear. 

low,  lateral  free  vibration  of  the  wall  can  conveniently  be 
represented  by  the  simple  wave  propagation  concept.  In  a  vertical 
segment  of  the  wall  in  whioh  the  lateral  wall  stiffnesses  and 
weights  are  uniform  (Pig. 3,  the  governing  differential  equations  of 
shear-wave  propagation  through  the  structure  can  be  derived. 

Consider  the  jth  uniform  vertioal  segment  of  the  wail  shown  in 
fig. 2.,  in  which  the  mass  of  each  segment  is  m^ ,  the  segment  stiffness 
is  Sj  and  the  height  of  each  segment  is  h^ .  Dynamic  equilibrium  equation 
of  any  briok  wall  slloe  (fig. 3)  of  the  segment  is 


t- 

is 

k 


“jT-aQ  (3) 

then  the  following  approximation  is  reasonable, 

av  m  — £  h.  aQ  ■  h.  (4) 

ax  J  ax  * 

Introducing  the  first  of  these  into  the  force  deformation 
relationship  given  in  Bq  .1  leads  to 

h.  -  —  Q  (5) 

*  i  SJ 

while  substituting  the  second  into  the  dynamic  equilibrium  equation 
given  in  Bq.3 


m.  v  ■  h.  (6) 

3  ax  3 

Then  differentiating  Bq.5  with  respeot  to  x  and  substituting  it 
into  the  Bq.6,  leads  to  the  equation  of  the  shearing  vibration  of 
the  segnent 
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In  Uhl oh 

v»j  •'v=T  <8> 

represents  the  velocity  of  shear  wave  propagation  through  the  jth 
uniform  vartleal  segment  of  the  wall  . 

Consider*  for  example,  the  juncture  between  i  th  and  (i+1)  th 
uniform  segments  shown  in  Pig. 2  and  Pig. 4.  Since,  the  rigidity  or 
mass  values  of  these  two  oonseoutive  uniform  segments  of  wall  are 
different  from  each  other,  the  shear  wave  velocity  defined  in  Bq.8 
are  also  different  for  each  uniform  segment  as  denoted  in  Pig. 4. 

As  was  shown  in  Bq.9  the  general  solution  of  the  one  dimensional 
wave  equation  given  in  Bq.6  which  represents  dynamic  behaviour  of 
the  uniform  wall  (Pig.l)  consists  of  two  arbitrary  functions 

v«<Kot+x-h)+<|>(ot-x+h)  (9) 

and  shows  that  the  vibration  of  the  wall  is  produced  by  two  pulses 
eaoh  moving  with  velocity  o  one  from  the  base  to  the  top  and  the 
other  from  the  top  to  the  base  as  is  demonstrated  in  Pig. 5 

A  motion  of  the  ground  which  will  give  rise  to  a  motion 
defined  by  Bq.9  is  obtained  by  putting  x-0  in  the  above  equation. 
Denoting  the  motion  of  the  ground  by  v«P(t)  we  have  the  aquation 

P(t)  «4>(ot-h)+4>(ot+h)  (10) 

In  the  ease  of  the  ground  is  fixed 

4>(ot-h)  «-<j>(ct+h)  (10a) 

Bqs.9,10  and  10a  shows  that  the  upwardly  propagating  waves  are 
reflected  at  the  top  of the  frame  with  same  sign,  on  the  other  hand 
downwardly  propagating  wave  are  reflected  at  the  base  with  opposite 
sign.  This  phonomena  are  demonstrated  in  Pig. 5.  On  the  other  hand 
upwardly  or  downwardly  propagating  waves  refleot  or  refraot  at  the 
boundaries  of  uniform  segments  of  the  wall  due  to  the  different 
stiffness,  mass  or  shsar  wave  velooltles  as  is  shown  in  Pig. 4.  This 
reflection  or  refraotion  ooeffloients  oan  be  defined  by  employing 
the  boundary  conditions  between  to  oonseoutive  uniform  segments. 

If  upwardly  approaching  wave  to  the  junoture  or  boundary  between 
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i  th  and  (1+1)  th  uniform  segments,  the  reflected  wave  and  the 
refracted  ware  at  this  boundary  are  denoted  by  Vr  i  and  Vr  i+1 
respectively.  These  coefficients  are  given  as  below; 


V 


r,i+l 


v. 

l4ui,i+l 


(ID 


Qj.i+l-1 

ai,i+l+1 


Vi 


(12) 


There 


l  ,  Ci+1  Slhi 
i,i+l  p  «,  h 

CiSi+l“i+l 


(13) 


a 


i+1 , i“ 


1 

“i,i+l 


(14) 


In  addition,  at  the  boundary  there  is  following  relation 
between  inoident  or  upwardly  approaching  wave  and  reflected  or 
refracted  waves: 


Vr,i+l-VVr,i 


3.  SCHISMS  OP  THE  H'JMSKICAL  PROCEDURE 


(15) 


A  ground  motion  which  my  be  defined  with  arbitrary  function, 
propagates  along  the  structure  as  ia  demonstrated  in  Fig. 3.  In  x,t 
coordinate  system  the  path  of  this  propagation,  reflection  or 
refraction  can  be  represented  by  a  line  with  slope  equal  to  propagation 
velocity  o.  Depending  on  the  time  increment, these  lines  constitutes 
a  mesh  as  is  shown  in  Pig. 6.  This  mesh  oontains  series  of  node  points 
at  the  uniform  vertical  segment  boundary  levels.  At  these  node 
points,  propagating,  reflected  or  refracted  waves  cross  each  other. 

Then  current  displacement  values  at  corresponding  level  can  be 
calculated  by  employing  Bq.15.  At  each  node  point  there  are  upwardly 
coming  and  reflected  parts  as  is  seen  in  (Pig. 7). 


Then  for  each  At  Increment,  by  employing  the  given  ground 
displacements  and  following  the  successive  pathes  as  is  denoted  by 
I,  II,  III,  IV  and  VII  in  Fig. 7.,  the  proposed  numerical  procedure  • 
oan  be  applied  in  following  steps: 

i)  Select  appropriate  At  time  inorement  consistent  with  the 
given  ground  displacement  data. 

il)  Calculate  reflection  or  refraction  coefficients  for 
upwardly  or  downwardly  lnoident  wave  ordinates  for  each  boundary  level  and 
store  in  memory. 

ill)  Start with  the  far  left  node  point  on  the  ground  level  and 
consider  the  ground  displacement  value  corresponding  to  the  time 
represented  by  this  node  point. 

iv)  Following  the  corresponding  characteristic  path  for  the 
node  point  considered  in  step  (3)  and  by  employing  Eqs.  11,12,13,14 
and  15  calculate  the  current  displacement  and  refracted,  reXlected 
part  of  the  incident  wave  ordinates  at  the  node  points  on  the 
considered  propagation  path.  These  refraoted  and  reflected  waves  are 
considered  as  an  upwardly  and  downwardly  incident  waves  for  the  nodes 
crossed  by  their  propagation  rays  at  the  boundary  levels  below  or 
above  the  considered  boundary  level  respectively. 

v)  Then  store  the  reflected  and  refracted  part  of  the  incident 
wave  ordinates  calculated  for  a  node  point  according  to  the  step 
(4),  on  appropriate  memory  locations  as  an  upwardly  or  downwardly 
incident  waves  for  the  corresponding  node  points. 

4.  SOIL  STRUCTURE  INTERACTION 

One  of  the  phenomena  with  great  importance  which  influence 
the  behaviour  of  a  structure  during  a  ground  motion  is  the  soil- 
structure  interaction. 

In  the  analysis  of  a  brlok  masonry  building  struoture  ,  by 
considering  the  soil  struoture  interaction,  and  employing  the  numerical 
procedure  proposed  in  this  study,  the  struoture  model  on  a  homogenous 
soil  layer  under  whioh  there  is  rigid  rook  (Fig.8)  is  taken  into 
account.  In  this  model  soil  deposite  or  layer  between  the  foundation 
base  and  base  and  base  rook,  is  oonsidered  as  an  additional  uniform 
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segment.  The  foundation  base  is  considered  rigid,  rests  on  the 
ground  and  there  are  no  slidings  at  the  foundation-ground  interface 
during  the  ground  motion.  However,  the  proposed  method  is  not  able 
to  take  into  account  the  effect  of  the  foundation  base  rotation 
around  the  horizontal  axis  on  the  soil  layer. 

5.  NUMERICAL  APPLICATIONS 

The  numerical  procedure  proposed  in  this  study  has  been 
programmed  in  Fortran  IV  language  for  IBM  4341  type  computer  and 
in  order  to  verify  the  validity  of  the  procedure  three  numerical 
results  have  been  produced. 

In  the  first  application,  single  story  brick  masonary  building 
has  been  considered.  Its  plan  and  elevation  is  shown  in  Fig.  9.  In 
all  numerical  applications,  the  brick  wall  thickness  used  is 
t»24  cm,  and  the  ratio  a*  tr  is  assumed  as  equal  to  0.4,  modulus  oi 

*  ,  9  r  -t 

elasticity  considered  is  E-120.000  Kg/cm“  lpj 

Then  taking  into  aecount  the  all  brick  walls  in  the  direction 
of  the  ground  motion  and  defining  the  uniform  segnents  for  each  of 
them  with  equal  heights,  total  uniform  segment  properties  were 
calculated  and  summarized  in  Table  1.  (Fig. 10) 


TABLE  1-  Uniform  Segment  Properties 


Uniform 

Height 

Mass 

Stiffness 

Vave 

Segment 

hl 

'  ?i 

Si 

Velocity 

Not 

(m) 

(tsnVm) 

(t/m) 

(m/sn ) 

1 

2.20 

5.6065 

1087893.4 

969.10 

2 

0.60 

6.9317 

4940535.9 

506.55 
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Depending  on  this  properties,  the  reflection  and  refraction 
coefficients  were  calculated  and  given  in  Table  2. 


TABLE  2-  Reflection  and  Refraction  Coefficients 


Boundary 

Reflection  Coefficients 

Refraction  Coefficients 

Upwardly 

approaching 

wave 

Downwardly 

approaching 

wave. 

Upwardly 

approaching 

wave 

Downwardly 

approaching 

wave 

1-2 

- 

0.40645088 

•  -0.40645086 
_ 

0.59354912 

1.4064509 

By  employing  this  data  and  taking  into  account  the  ground 
motion  . 

y  *0.01  sin  (4irt )  (o) 

© 

acting  in  the  direction  shown  in  Fig.  9a.  Dynamic  lateral  top  level 
response  in  the  considered  direction  was  computed  and  plotted  in 
Fig.  11. 

These  numerical  results  can  be  verified  by  long  hand 
calculations  employing  the  mode  superposition  method  with  selected 
ground  displacements  and  the  corresponding  inititial  conditions 
as  given  below 

v«0  ,  v— 0,01s  4K’(m/aec.  ) 

As  a  second  application,  same  structural  system  and  ground 
motion  was  considered  in  the  first  application  with  10  m  thick  single 
layer  hard  day  soil  deposits  between  the  foundation  base  and 
base  rook  level.  Hard  clay  soil  characteristics  considered  in  this 
application  are  as  follows* 

Shear  wave  velocity  ■  211  m/aeo 

Shear  Modulus  »  927  kH/a2 

Dynamio  lateral  top  level  response  in  the  ground  motion  direction 
was  oonputed  and  plotted  in  Fig.  12.  Finally,  the  brick  wall 
structures  which  is  oomposed  of  two  story,  each  of  which  has  identioal 
properties  with  the  single  story  building  considered  in  the  first 
application,  was  subjected  to  the  eight  seconds  of  the  H-S  component 
of  B1 -Centro  Barthquake  ground  motion  reoord,  between  8  and  16  seoonda, 
and  top  level  response  in  the  ground  action  direction  was  oonputed 
and  plotted  for  the  first  four  seoonds  in  Fig.  13. 
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(b)  LOAD  CARRYING  BRICK  WALLS  IN  THE  GROUND  MOTION 


Fig.  9-  Plan  and  Elevation  of  the  Single  Story  Building 
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SUMMARY 

In  this  paper  a  method  is  presented  to  obtain 
approximate  solution  of  shear  wailed  structures  considering 
the  stiffnesses  of  perpendicularly  connected  beams  to  shear 
walls.  The  basis  of  the  method  is  the  assumption  of  a  beam 
with  elastic  hinges  at  both  ends.  First  of  all,  the  stiff¬ 
ness  matrix  of  an  elastically  hinged  beam  is  derived.  For 
this  matrix,  in  addition  to  the  beam  parameters,  the  coef¬ 
ficients  of  two  springs  which  are  assumed  at  both  ends  of  the 
beam  are  required.  The  determination  of  these  two  parameters 
is  also  discussed. 

The  numerical  analyses  performed  indicate  that  the 
consideration  of  this  kind  of  wall-beam  connections  decrease 
the  structural  rigidity.  Consequently,  the  vibrational 
periods,  elongate,  resulting  in  the  decrease  of  the  design 
seismic  forces.  However,  structural  deformations  increase. 

As  a  result,  especially  at  lower  storeys,  significant 
increases  occur  in  bending  moments  of  shear  walls,  whereas 
changes  in  beam  moments  depend  on  the  end  conditions. 

The  formulation  presented  can  produce  more  realistic  stress 
distribution  in  the  structure. 

1.  INTRODUCTION 

In  the  lateral  load  analysis  of  structures,  the  omission 
of  beam  stiffnesses  results  in  unduly  large  wall  bending 
moments  at  lower  storeys .  The  beams ,  connected  to  shear 
walls  rigidly  at  each  floor  when  considered  in  the  analysis 
resist  the  deformation  of  the  the  structure  therefore,  de¬ 
crease  the  bending  moments  of  the  shear  wall.  In  some  cases, 
these  beams  can  rotate  the  whole  section  of  the  wall  (Fig. 

1).  However  sometimes,  they  are  connected  to  some  portion  of 
the  wall  in  arbitrary  direction.  In  such  a  case,  they  can 
rotate  the  beam  section  only  locally  (Fig.  2).  Hence,  when 
this  behaviour  is  neglected,  the  moment  values  differ  from 
the  real  values. 

Rigorous  solution  of  the  problem  is  obtained  through 
3-dimensional  idealization  of  the  shear  wall  by  finite 
elements,  which  permit  the  computation  of  the  local  stiff¬ 
nesses  of  the  shear  Wall  can  be  computed.  Since  this 
solution  requires  detailed  analysis  of  each  wall,  it  is  long 
and  therefore  not  recommended  for  practical  purposes  (Fig. 

3). 
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2.  BEAM  WITH  ELASTIC  HINGES 

In  the  present  analysis,  the  problem  is  simulated  by 
using  beams  haying  springs  with  rotatory  stiffnesses  at  both 
ends  (Fig.  4).  It  is  assumed  that  the  whole  shear  wall 
section  rotates  by  an  angle  f A,  but  the  beam  rotates  by  an 
angle  ^B  which  is  larger  than  .  The  angle  fB  -  is 
the  rotation  taken  by  the  spring. 

If  the  beams  are  connected  to  points  of  low  rigidity  of 
shear  walls,  the  bending  moments  generated  at  beam  ends 
decrease.  The  use  of  beams  with  elastic  hinges  in  the 
structure  produces  similar  result.  Therefore,  if  the  springs 
are  chosen  suitably,  the  effect  of  beams  in  shear  walled 
structures  subjected  to  lateral  forces  can  reasonably  be 
taken  into  account  without  performing  a  detailed  rigorous 
analysis. 

3.  STIFFNESS  MATRIX  OF  BEAM  WITH  ELASTIC  HINGES 

Ik  order  to  solve  the  problem  described  above  by  using 
beams  having  springs  at  both  ends,  it  is  necessary  to 
construct,  before  all,  the  stiffness  matrix  of  the  beam.  The 
stiffness  matrix  of  the  beam  with  constant  cross-section 
shown  in  Fig.  5  is  given  by 


A  C  B  -C 
C  D  C  -D 
8  C  A  -C 
-C  -D  -C  D 


(3. 11 


Where 


A 

C 


4EJ , 
T 
A*B 
t 


B  = 
D  x 


2EJ 

l 

2C 

l 


'12 


xf.  -4-e*  -4-. 


(3.2) 


(3.3) 


>1 ,  l|g  are  the  coefficients  which  represent  the  effect 
of  shear  deformation  (1).  k  is  a  coefficient  which  depends  on 
the  shape  of  the  section.  In  rectangular  sections  k  =  1.2. 
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The  beam  with  elastic  hinges  is  as  shown  in  Fig.  6-  The 
spring  coefficients  R1  and  R2  at  both  ends  of  the  beam  are 

the  necessary  bending  moments  to  rotate  the  springs  by  an 
angle  of  one  radian. 

To  obtain  the,  stiffness  matrix  of  this  beam,  we  assume 
three  deformation-  configurations  and  solve  them  to  find  the 
rotations  at  the  springs  and  the  generated  end  forces. 

3.1  Configuration  1:  52  =1 

At  this  configuration,  a  unit  translation  is  given  to 
the  left  end  of  the  beam  (Fig.  7).  Since  the  beam  has 
springs  at  both  ends,  beam  ends  do  not  remain  horizontal 
after  the  deformation.  The  left  and  right  ends  rotate  by 
angles  of  -  Oil  and  -  M2,  respectively.  These  rotations 
are  'etermined  through  the  following  equations 


{Mf1 

o\ 

M 2 

■'M  Ue 

,  02 

l  o  . 

Mj  *  -AMf  +  C-B*gsRi*f 

M2*  -fl*2+C  -A  *2  =  R2*2 


o<l  and  M 2  are  solved  as  follows: 


<*,  *C  (R2*  A-B)/P  1  (3.5) 

«z*C(R(*A-B)/P  J 


Where 


p  =  (Rf*A)(R2*A)  ' B 2 


3.2  Configuration  2:  5l  =  1 

At  this  configuration,  a  unit  rotation  is  given  to  the 
left  end  of  the  beam  (Fig.  8).  To  determine  the  rotations 
M3  and  «(4  at  both  ends,  we  have  the  equations 
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[Jfr 

Qt 

Mg 

■■  M  ■ 

-*4 

[Q* 

0 

Mfs  A(1  “  Stj)  •>  Rj  Hj 
8(1  -««j)  -4«^« 


43  are  44  solved  from  the  above  equations 
*3=  -fi*]/P 

<s*«  e«,/p 

3.3  Configuration  3:  $3=1 
At  this  configuration,  a  unit  rotation  is  given  to  the 
right  end  of  the  beam  (Fig.  9).  The  rotations  KB  and  46 
are  determined  through  the  following  equations 


(3-8) 


fW,1 

■ 

01 

\Mt 

°2 

0 

1  -«« 

0 

Mf*  -A*g  +  B(1  -  «g)  =  fy*5 
Mg=  -B*s+  A(1  -  egjs  P|"<« 

«(5  and  46  are  solved  from  these  equations 


•y  £ff2/P 

[Ara,  *41  -B*J/P 


After  the  determination  of  the  41  ***  46  values,  one  has 
the  bending  moments  Ml  and  M2.  The  shear  forces  Q1  and  Q2  are 
obtained  through  the  equilibrium  conditions.  Finally,  one 
obtains  the  stiffness  matrix  of  the  beam  with  elastic  hinges 

as 


W' 


•  |  • 

A0-*W“&*4 

J-C*f*0-C**  |-C^Ca-^8)jc«f+C*ir-D 

- - r  - - - 

\OH-C*+D 


(3.11) 


Symmetric 


4.  DETERMINATION  OF  SPRING  COEFFICIENTS 
OF  THE  BEAM  WITH  ELASTIC  HINGES 

As  shown  in  Fig.  10,  we  assume  that  the  beam  is 
connected  to  the  center  of  the  shear  wall  and  a  uniformly 
distributed  moment  M  is  applied  to  the  wall  to  rotate  the 
wall  section  uniformly.  The  rotations  of  wall  and  beam  are 
both  equal  to  fc. 

Secondly,  as  shown  in  Fie  11.  we  assume  that  the  beam  is 
connected  to  the  shear  wall  through  a  spring  (for  the  sake  of 
simplicity  in  physical  representation,  a  torsion  bar  is  used 
at  the  figure)  and  the  same  bending  moment  M  is  applied  to 
the  wall  rotating  the  wall  section  uniformly.  Let  us  assume 
that  the  shear  wall  rotates  by  an  angle  <PA  ( >  *pC) .  The 
torsional  stiffness  of  the  bar  may  be  selected  such  that  the 
end  of  the  beam  rotates  by  an  angle  of  *fC. 

If  B  is  the  effective  width  of  the  wall  when  a  bending 
moment  is  applied  at  one  end 


<PC  b_ 
"  B 


Assume  this  ratio  is  known, 
obtains 


U,  = 


1  ~  1  - 


Since 


(4.1) 


9C/  A  =1-  o(3  one 


For  the  other  end  of  the  beam  one  has 


U2S 


1 

1  -  *6 


(4.2) 


In  order  to  compute  the  effective  width  B,  in  case  of  a 
wall  with  a  perpendicular  beam,  reference  is  made  to  a 
previous  paper  of  the  author  (2).  The  result  of  this  paper 
is  summarized  in  Appendix  1  with  a  microcomputer  program  for 
automatic  determination  of  the  width  B. 


If  ul  and  u2  values  for  the  two  ends  of  the  beam  are 
given,  ®(3  and  0(6  are  computed  as  follows: 


«3  *  1  -  1/Uf  1 
«*5  =  7  -  1/ug  J 


After  determination  of  o<3  and  o(6,  R1  is  eliminated 
between  (3.8)  and  (3.10)  to  obtain  a  second  order  equation. 
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from  where  R2  is  solved.  Afterwards  R1  is  computed. 

a 

otfi  (Rg+A)  *  bz^z+A)  +  c 2*0 


Where 


A  -  a  -  •  | 

C;i  B2(1-«3)  J 

The  expressions  of  R1  and  R2  are 
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D  -  ~b2*  nA?*  - 
H2  *  2*6 

R,  s  LR.2.*A>« t*bi  *A  _ 

5.  HUMKRICAL  APPLICATIONS 
The  effect  of  the  wall-beam  connection  type  on  the 
solution  is  investigated  by  applying  the  presented  procedure 
to  a  10-storey  shear  walled  structure.  The  vertical  section 
and  the  plan  of  the  structure  are  shown  in  Fig.  12  and 
Fig. 13,  respectively.  As  seen  in  Fig. 13,  every  floor  has  9 
shear  walls  (SI  *»S9)  and  16  beams  (Bl'vBlB).  Wall  thickness 
is  25  cm  everywhere.  Some  beams  (B1 ,B2,B7 ,B8)  are  connected 
to  the  shear  walls  at  both  ends  in  such  a  way  that  they  can 
bend  the  walls  effectively,  i.e.  beam  end  moment  is  capable 
of  rotating  the  whole  wall  section  uniformly.  Some  beams 
(B9,B10,B11,B12,B15,B16)  are  connected  only  to  one  of  the 
shear  walls  effectively.  The  other  beams  (B3,B4,B5,B6,B13, 
B14)  can  rotate  both  shear  walls  only  locally.  The  ul  and  u2 
values  of  the  beams  are  shown  at  beam  ends  in  Fig- 13. 


The  total  weight  of  the  structure  is  4018  tons.  Firstly, 
the  structure  is  solved  assuming  all  the  wall  beam 
connections  as  "Rigid"  (ul=u2sl).  Second  solution  is 
performed  assuming  "Flexible"  wall-beam  connections,  by  using 
ul  and  u2  values  shown  in  Fig.  13.  In  the  subsequent  figures 
the  results  of  these  two  solutions  are  designated  as  "R"  and 
"F“ . 


The  results  of  dynamic  analysis  of  the  structure  are 
summarised  in  Table  1.  In  this  table  the  natural  periods  of 
the  lower  three  modes  in  the  x-  and  y-directions,  both  for 
rigid  and  flexible  cases  are  presented.  The  period  values  are 
longer  in  the  flexible  case,  however  the  percentage  of 
elongation  is  low  in  the  2  nd  and  in  the  3  rd  mode. 

In  Table  2  the  modal  base  shears  are  shown.  A  quick 
examination  of  this  table  indicates  that  the  base  shear  of 
the  fundamental  mode  decreases  in  the  flexible  case,  whereas 
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able  1  Natural  Vibration  Periods  of  rigid 


e  and 

flexible 

structures 

•  sees ) 

[)ir*  ction 

Rigid 

Flexible 

Increase  <  %  > 

V 

o  f.  ex- 

0.6239 

’  7  .  M 

X 

0.171*1 

0. 1787 

r  .  v 

X 

0.0847 

0.0875 

3.3 

y 

0.6689 

0.7769 

16.1 

y 

0.1816 

0.1985 

9.3 

y 

0.0851 

0.0888 

4.3 

Table  2  Base  shears  of  rigid  and 
flexible  structures  (tons) 


Direction 

Rigid 

Flexible 

Increase  ( % ) 

X 

324.8 

311.6 

-4 . 1 

X 

70.9 

72.8 

2.7 

X 

27.0 

27.9 

3.3 

y 

293.8 

265.5 

-9.6 

y 

79.7 

84.8 

6.4 

y 

32.0 

34.1 

6.6 

X 

333.6 

321.2 

-3.7 

y 

i 

306.1 

_ i 

280.8 

-8.3 

Table  3  Displacements  (cm) 


Direction 

Rigid 

Flexible 

Increase  (X) 

X 

1.28 

1.43 

11.7 

y 

1.63 

2.08 

27.6 

the  base  shears  of  the  2  nd  and  the  3  rd  modes  increase.  The 
reason  of  t'lis  discrepancy  is  perhaps  due  to  tr.e  use  of 
Turkish  Seismic  Code  spectrum  in  the  computation  of  modal 
seismic  forces.  However,  by  the  influence  of  fundamental 
mode,  RMS  base  shear  value  is  lower  in  the  flexible  case. 

The  top  storey  displacements  of  the  two  cases  are  shown 
in  Table  3  for  purpose  of  comparison  structural  deformations. 
The  examination  of  this  table  clarifies  that  inspite  of  the 
decrease  in  seismic  forces,  the  structural  deformations 
increase  greatly  in  the  flexible  case. 

Fig. 14  shows  the  bending  moment  diagram  of  S5  under 
lateral  force  loading  in  the  x-direction.  Although,  there 
are  no  perceptible  changes  in  the  upper  storey  moment  values, 
significant  increases  are  observed  as  high  as  12.8  %  in  the 
bending  moments  of  lower  storeys. 

In  Figs.  16  «'18  end  moments  of  some  typical  beams  are 
presented  for  comparison. 

The  following  conclusions  may  be  drawn  by  a  close 
examination  of  these  figures: 

a)  Due  to  increase  in  overall  structural  deformations  in 
the  flexible  case,  beam  end  moments  where  ul=u2=l  become 
slightly  larger. 

b)  In  general,  at  beams  where  ul>l,  and  u2>l  the  end 
moments  decrease.  If  end  moments  are  much  greater  than 
unity,  the  decrease  in  end  moments  is  higher. 

c)  If  either  of  the  ul  or  u2  is  unity,  it  is  difficult 
to  guess  the  direction  of  change  in  end  moments. 

6.  CONCLUSIONS 

The  type  of  shear  wall-beam  connection  in  shear  walled 
structures  has  significant  effect  on  internal  force 
distribution  in  the  structure.  It  is  shown  that  the  use  of 
beam  with  elastic  hinges  described  in  the  present  paper  can 
represent  this  behaviour. 

Numerical  analyses  show  that  the  use  of  shear  wall -beam 
connections  with  elastic  hinges  decrease  the  overall  stiff¬ 
ness  of  the  structure.  As  a  result,  the  displacements  and 
the  structural  deformations  increase,  bending  moment  diagrams 
of  shear  walls  resemble  more  to  that  of  a  cantilever  beam. 

The  moments  at  beam  ends  may  increase  or  decrease  depending 
on  the  values  ul  and  u2  which  represent  the  effectiveness  of 
the  wall-beam  connection.  Therefore,  the  assumption  of  rigid 
wall-beam  connection  lead  to  underestimation  of  the  bending 
moments  at  some  wall  and  beam  sections.  The  solution  based 
on  the  assumption  of  flexible  wall-beam  connections  can  give 
more  realiatic  stress  distribution  in  the  structure. 


-  8  - 


The  influence  of  the  formulation  presented  on  the 
structural  cost  is  not  studied,  however,  the  structural 
safety  appears  to  be  significantly  improved. 
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Fig.  14 
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APPENDIX  1 

EFFECTIVE  WIDTH  OF  PLATE  IN  FLAT  SLAB  STRUCTURES 

Assume  that  a  flat  slab  is  supported  by  equidistant 
columns  in  both  directions.  Column  intervals  are  "a"  in 
loading  direction  and  "b"  in  the  other  direction,  column 
width  is  "2e"  in  the  transverse  direction.  Fig.  1  shows  such 
a  slab  of  dimensions  axb,  where  the  column  is  at  the  center. 

When  the  structure  is  subjected  to  lateral  loads, 
bending  moments  are  generated  at  column  heads.  The  slab 
sections  do  not  rotate  uniformly.  Instead,  the  slab  reacts 
against  the  external  moments ,  as  if  it  has  the  stiffness  of  a 
plate  of  width  B. 

This  problem  is  studied  in  Ref. 2.  The  result  of  this 
paper  is  summarized  herein. 

The  parameters  6  =  b/a,  4=  e/b  define  the  ratio  N 
between  the  plate  width  "b"  and  the  effective  width  "B" . 

The  variation  of  "N"  as  a  function  of  &  and  o(  is 
illustrated  in  Fig.  2. 


J=4*v[-(/n«  +  /*4,,--|)  +  .£«* 

—  §in»2n*  fl  -f -- — - coth- 

l  >T  ‘ 

The  analytical  formulation  is  coded  in  Basic  Language 
and  listed  below 


,  4*‘  t  ,  16 n*  .  , 

J - a4  -J - a*  4- . 

'676  '19846  ^ 
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10  'EFFECTIVE  WIDTH  or  PLATS  IN  FLAT  SLAB  STRUCTURES  (M.IPKK) 
20  PI&3. 1416926# 

30  P2=PI*PI 
40  DP-4*P2 

60  P2-PI*PI :  DP=4*P2 :  P4=P2*F2 
60  B2=P2/9 
70  B4=4*P2*P2/675 
80  B8sl6#P4*P2/19845 
90  BOsLOO ( 4*PI ) -1 . 6 

100  PRINT  *  no  a  b  •  b/a  e/b  N=u" 

110  PRINT 

120  READ  NO.A.B.E 

130  SFS=B/A 

140  ALF=I/B 

ISO  ALF2=ALP*ALF 

160  SI=SIN(2*PI*ALF) 

170  KX=KXP(PI/EPS) 

180  8H=(EX-l/EX)/2 

190  TB=(EX-1/KX)/(KX+1/KX) 

200  S=DP*ALF2*( - ( LOG ( ALT ) +B0 ) +ALF2* (B2+ALF2* ( B4+ALF2*B6 ) ) ) 
-SI*SI*( 1+PI/KPS/SH/SH-l/TH ) 

210  N=1+.76*EPS/(P2*PI*ALF2)»S 

220  PRINT  USING  "#######" ;N0;  :PRINT  USING  "###.###";A;B;E,EPS. 
ALF.N 


230  GOTO 

120 

240  DATA 

1, 

5. 

6.6, 

.275 

250  DATA 

2. 

5. 

6, 

.15 

260  DATA 

3. 

3.2, 

8.48, 

.24 

270  DATA 

9, 

3.2, 

7, 

.24 

280  DATA 

11. 

3.2, 

4.48, 

.24 

RUN 

no 

a 

0 

t 

b/a 

t/b 

N»u 

l 

3.000 

3.300 

0.273 

1.100 

0.030 

3.035 

2 

3.000 

6.000 

0.130 

1.200 

0.025 

3.995 

3 

3.200 

8.480 

0.240 

2.630 

0.028 

6.381 

9 

3.200 

7.000 

0.240 

2.188 

0.034 

3.391 

11 

3.200 

4.480 

0.240 

1.400 

0.054 

3.435 
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DYHAMIC  TESTS  07  LARGE-SCALE  MODELS  AND  FULL-SCALE 

STRUCTURES 

fcy 

Crist lam  Rato  Ocnatantineaou* 

SUMMARY 

Dynamic  tests  performed  in  the  Building  Research 
Institute  I1CBRC  by  the  staff  on  experimental  research 
on  structures  subj acted  to  earthquake  actien  are  pre  - 
seated  ia  this  paper  as  well  aa  the  theeretioal  back¬ 
ground,  the  methedelogisa  aad  instruments  used  in  thla 
field.  Dlrided  in  fear  parts,  the  first  ene  deals  with 
mm  elements  regarding  the  role  ef  dynamic  tests  far 
the  impreuvamant  ef  earthquake-  resistant  design  of  struc¬ 
tures.  She  seeead  part  presents  the  theoretical  back  - 
ground  ef  dynaaio  teats,  the  aetheds  and  instrumentation 
used  far  dynamic  testa.  The  third  part  describes  the  nest 
important  typos  of  dynamic  tests  performed  during  the 
last  fire  years  in  1X01X0  on  large-scale  models  and  full 
scale  struotures.  finally,  ia  the  fourth  part,  the  paper 
presents  the  imfortaaee  of  dynaaio  tests  of  struotures. 
giving  practical  advice  aad  conclusions  for  the  use  of 
experimental  results. 

i.  ixtrodugtiox 


The  problem  of  the  dynamic  response  of  struotures 
to  exoitlag  forces  requires  many  quantitative  information 
•n  dynaaio  properties  of  structures  as  natural  periods 
of  vibration,  mode  shapes  of  vibration  and  damping 
capacity.  Ia  design,  a  let  of  idealisations  have  to  be 
used.  If  experimental  data  are  available  and  relevant 
analyses  are  performed,  their  oeaperlsoa  permits  to  ob¬ 
tain  important  conclusions  regarding  the  actual  response 
of  struotures  as  well  as  the  correctness  of  the  assumed 
models  aad  the  analysis  methods.  Dynamic  tests  of  full- 
scale  struotures  or  Urge-scale  models  are  thus  a  neces¬ 
sity  for  earthquake-resistant  design  ef  structures. 

Ia  view  of  the  important  advantages  offered  by  dyna¬ 
mic  tests,  the  main  objectives  of  the  staff  on  experimen¬ 
tal  research  on  structures  subjected  te  earthquake  action 
from  IMCXRO  were  te  establish  a  basis  far  this  bi»c  of 
studies  and  to  obtain  experimental  data  on  actual  response 
of  structures  to  different  dynamie  loads. 

The  paper  presents  a  review  study  on  the  above  men¬ 
tioned  problems.  The  main  typos  of  dynamie  tests  for 
Urge-scale  mode  la  and  full-scale  structures  are  des¬ 
cribed.  Xaeh  type  is  discussed,  giving  spcolfle  examples. 

A  special  attention  is  paid  tc  ambient  vibration  testa 
of  full-scale  structures  which  — »»  dovelonced 
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ia  the  last  jrtan.  The  mIb  results  attained  in  this 
fit 14  aad  tbs  asst  important  statlstleal  stadias  oar  - 
rlod  oat  an  presents 4.  4a  attaint  to  oarralata  expo  - 
rineatal  data  aa  dyaaaio  oharaoterlatios  af  straotaras 
with  sane  yaraaatara  that  ara  prepared  ta  aaciaaariag 
analyses  Is  also  prasaatad. 

2.  OOPGIPTUAL  AID  OTBODOMtUGAl  ILHOfS 
2.1.  fkeeretleal  Baokxoaad 

Ska  dynaalo  tasts  km  ta  ka  performed  aad  inter- 
pratad  ky  a  tkaaratlaal  kaakgraaad  whisk  involves  a 
▼ary  wall  aaderstaadlnc  af  straetoral  dyaaaios.  Iks 
tkaaratlaal  praklaas  eaaslst  la  derlviac  straotaral  pro- 
partlas  fraa  experimentally  aaasarad  paraaatars.Ia  tkasi 
aasas  the  tkaary  aast  ka  a sod  ta  obtain  tka  naxinua  a- 
aaaat  af  Infamatian  fraa  tka  azparlaantal  data.  As  ex- 
aaplas,  aaasldar  dlffaraat  typas  af  dyaaaie  tasts  aad 
saa  kaa  tka  tkaaratlaal  aaasidaratiaas  ka aa  ta  ka  dona. 

It  is  daalrakls  ta  kaxin  tkasa  axaaplas  with  free 
rlkratlaa  tasts  (initial  diaplaoaaent  aad  initial  to  - 
laolty  tasts).  Baaaasa  it  is  aat  passikla  ta  determine 
analytlaally  tka  daapiac  xatia  a  far  a  struotura, tkara 
is  af  graat  iapartanoa  to  evaluate  it  froa  axpariaaats. 
Tka  aatoxal  pari  ad  af  tikcratlaa  *  of  a  ana-story  atrno- 
tara  eaa  alsa  ka  dataraiaad  fraa  tkasa  axpariaaats.Tha 
praoadara  oansists  ia  dlstarkiac  tka  a true tore  froa  its 
aqalllkriaa  pasltlaa  aad  raoord  tka  fraa  rikratioa  af 
tkr  straotara  k  aktaia  tka  displaakaant-tiaa  plot  skoan 
in  Tif.l.  Ha as ara d  displaoaaaats  aaa  ka  asad  ta  oaapata 
tka  daapiac  ratio  a  ky  tka  lagarithaio  deoraaant  method 
/  4  /.  Tka  praoadara  shawm  stars  aaa  also  ka  used  ta 
oaapata  tka  daapiac  ratio  froa  aeoalaratiaa-tiae  re oasis 
Tka  aataral  period  af  titration  T  (aaa.)  is  the  tiaa 
repaired  far  aaa  oyela  af  fraa  ritaatlaa  aad  am  it  is 
▼ary  easy  ta  ka  aoapatod. 

Tka  saaaad  axaapla  refers s  to  faroed  rikratioa 
tests.  Tka  aala  typas  af  tkasa  tests*  as  will  ka  dls  - 
oassed  ia  tka  fellewinc  part  af  tka  paper,  arat  tests 
with  rlkratlam  ceneratars*  tasts  oa  taklas* 

tests  to  aaa-axaltad  ▼ikratioas  aad  transient  exalta¬ 
tion  tests  (wind  axaitad*  klasts  exalted,  aataral  earth¬ 
quakes  axaitad  aad  aleretreaor  axaitad).  Par  aaak  typo 
af  tkasa  tasts  tka  tkaary  vast  ka  need.  It  is  wall 
know*  tkat  tka  aetksda  af  tsmalatiac  aatkaaatloal  ne- 
dals  af  atroetares  aad  aetiaas  harm  aat  yet  keen  deve¬ 
loped  witk  kick  aaaaraoy  aa  as  ta  avoid  axpariaaats. 
HaaOe,  it  is  desirable  ta  oaakiaa  analytical  aad  expe¬ 
rimental  stadias,  far  vikratlaa  femora tar  tastcs  tka 
aatlaa  eaa  ka  aodalad  vary  easy.  Tka  aora  diffioalt 
praklaas  eaaslst  ia  aedellac  structural  properties.  If 
larga-soala  aadals  are  tasted,  additional  proklaaskara 
to  ka  femalated  aad  resolved.  In  tkis  oasa  a  spaoial 
attaatiaa  aast  ka  paid  ta  tka  alnilitude  af  dyaaaio 
pkeasaoaa  /)3 /.  Tka  sane  praklaas  have  ta  ka  ooasidasd. 
far  skakiac  takla  tasts.  Par  aaa-  axaitad  vikratlaa 
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teats,  which  are  in  faot  resonant  vibration  tests,  the 
a  here  Mat  lone*  theory  for  free  vibration  testa  earn  he 
applied.  For  transient  excitation  tests  analytical  me¬ 
thods  have  ta  he  aaed  far  each  type  af  experiments.  In 
the  following,  a  special  attention  is  paid  teaioretre- 
aor  exeitodvibratioas.  In  this  oasa,  the  excitation  is 
modeled  by  a  stationary  random  preoess  with  flat  fro  - 
qaonoy  spootrttm.  The  stroo tares  modeled  as  auiti-dogroo- 
of -freedom  systems  subjected  to  exciting  forces  wi*fM 
freqaeasy  spootram  will  respond  in  a  linear  combination 
of  all  normal  nodes.  It  is  also  assumed  that  the  strao- 
turos  can  be  modeled  by  ana-dimensional  damped  ajrstoma 
(usually  discrete  systems).  This  assumption  is  in  good 
agreement  with  the  observation  that  the  floors  are  stiff 
enough  for  tho  low  lovel  of  exoitation  duo  to  aloretro- 
morsT  If  the  linear  model  is  adnlted,  the  resulting 
motion  oan  bo  expressed  as  a  superposition  of  natural 
nodes  of  vibration  corresponding  to  the  natural  fre¬ 
quencies  of  struoture.  Using  Fourier  transforms  ta  ana¬ 
lyse  low  level  struotural  vibrations  111  it  clearly 
appears  how  the  natural  frequencies  of  struotures  oan 
be  identified. 


2.2.  Classification  of  Brnawlo  Tests 

It  is  very  diffioult  to  olasslfy  the  great  number 
of  typos  of  dynamio  tests.  For  the  purpose  of  this  pa¬ 
per,  it  is  convenient  to  use  the  following  olasslfloa- 
tiens 

A.  Free  vibration  tests 

B.  Forced  vibration  tests 

The  tests  from  the  second  category  oan  also  be 
classified  ins 

a)  Tost a  with  vibration  generators 

b)  Tests  on  shaking  tables 

e)  Tests  to  aan-oxoitod  vibrations 
,  d)  Tests  to  transient  exoitatlena  ass 

-  win* 

-  blasts 

-  natural  earthquakes 

-  nioretreaers 

Bash  of  these  toots  will  be  discussed  in  more  or 
loss  detail,  giving  examples  from  the  activity  of  the 
experimental  staff  mentioned  in  the  previous  part  af  His 
popor. 

2.3.  ai  teBBBai  aaitosi 

A  largo  variety  of  instrumentation  is  required  by 
the  dynamic  tests.  Different  devices  and  systems  are 
used  to  produce  dynamio  loads  amd  to  record  strmetural 
response.  There  are  three  qaantities  which  are  of  inte¬ 
rest  la  dynsnie  studio at  the  displacement,  velocity  ami 
acceleration  of  vibration.  In  order  to  best  utilise  the 
dynamio  range  of  the  measuring  instramentatlen  it  is 
preferable  to  select  the  parameter  whioh  gives  the 
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flattest  frequency  ipaotnn.  This  ekaarratiea  oeaea  frm 
tka  ««11  known  fact  tkat  displacement  neaouremeata  gire 
lav  freqaaaoy  components  moat  weight  aad  onvarMly  ac¬ 
celeration  measurements  giro  kick  fnqntaey  oenponeats 
■cat  welgkt. 

Appreoiakle  displacements  only  occur  at  lav  fre¬ 
quencies,  therefore  displacement  measurements  ia  meoka- 
aloal  Tlkratlaaa  ara  af  limited  value. 

Yeleelty  aaaaaraaaata  ara  used  far  evaluating  the 

aa rarity  af  rlkratiea,  due  ta  tka  faat  tkat  velocity  la 
related  ta  rlkaatery  energy  aai  tkarafara  ta  tka  destnm- 
tira  affaat  af  rlkratiaa. 

Acceleration  aaaaaraaaata  ara  aaad  Mara  tka  fra- 
qaaaalaa  af  iataraat  far  tka  raaaarek  purpose  ara  la 
klgh  fraqaaaoy  range. 

For  tka  fraa  vibration  taata  praaaatad  ia  tka  a kora 
alaaalflaatlaa  all  of  tka  aaaauraaaat  laatrvaanta  dea- 
orlkad  la  tkia  aaotloa  oaa  ka  aaad.  Ia  tka  faroad  rikro- 
tlea  taata  tka  aaaaaravaat  laatrvaaatatloa  bare  ta  ke 
aaad  la  foaotlaa  af  tka  laral  af  atraotoxal  raapaaae  aid 
tka  fraqgaaey  range.  Vor  tka  axparinenta  parforaod  in 
I9CKR0  oa  large-soale  aodala  azoltad  vitk  rlkratioa  *«- 
aarata ra  two  types  of  traaaduoara  vara  useds  relooity 
traaadaoara  vita  integration  galvanometers  aad  accelero¬ 
meters.  Far  shaking  takla  taata  aad  qoany  klaat  taata 
aeouaate  aaaaaraaaata  ara  aktalaad  using  aoaalaroaetara. 
Spaaial  inatraaaatatlaa  la  raqulred  for  recording  struc¬ 
tural  reaponao  dua  ta  natural  earthquakes.  Ia  tkia  oon- 
aaotlaa.  It  la  af  great  Iataraat  ta  oktala  aeoelorogra- 
phlo  data  ia  tka  kaaaaaat  or  foundation  of  tka  atruotora 
aad  in  upper  laral  paaitlaaa  /18/.  tka  groat  pregreaB  in 
tka  elaatraalo  eqaipaaat  field  aade  peaslkle  ta  oktala 
digital  aaoalarograa  raoorda.  As  aa  example ,  many  digl  - 
tal  raoorda  vara  aktalaad  daring  tka  Mexico  earthquake 
af  Saptamkar  1905  /14  /.  Ia  Raaaala,  many  aooalarograpklo 
raoorda  vara  aktalaad  dorlag  tka  aartkqoaloa  of  Marok 
1977  aad  August  1906  /  1  /,  /21/.  Tka  raoorda  vara  ok  - 
talaod  vitk  0troag  lotloa  Aoaalaragrapka  (SMI  1  aad 
SM10). 

Far  nan-exalted,  wind  aad  alorotraaor  rlkratioa 
taotaapaelal  laatromantatlaa  la  required  dae  to  tka  low 
oxaltatiaa  laral  aad  tkarafara  tfao  lav  raapaaae  laral. 
fko  axparlaaatal  taata  performed  la  IKXRO,  tka  raaulta 
af  vklak  will  ka  praaaatad  la  tka  fdLowlag  part  af  tka 
paparf  vara  aktalaad  aalag  aolamemetera  vitk  a  oaa  teat  ti- 
taga  output  at  all  fraquaaolaa  groat or  than  1  Ha, signal 
aaadltlaaara  to  aapllfy  aad  aaatral  aalaaoaat or  aigaala 
aad  tape  raaordar  ay at aaa.  fko  reoorded  aaalog  aigaala 
ware  aaalyaad  la  tka  fraquaaoy  domain  aalag  aa  analog  - 
digital  oaarartor  aad  a  apeotrua  aaalyaar.  Ska  data  ak¬ 
talaad  vara  platted  aa  a  X-T  raoardar.  Ikon  aaaaarlng 
avklaat  rlkratioaa  aad  aaa-axoltad  rlkratloaa  af  tka  kuit 
dings,  It  ia  af  Iataraat  ta  identify  tka  dyaaale  proper- 
tlaa  af  atrvoturea.  Tka  aadal  frequenoioa  ware  aktalaad 
ky  placing  aalamanatara  at  tka  tap  laral  af  kulldiaga. 
Spaaial  plaeeaenta  af  aolaaemotera  ara  made  far  ektalalag 
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torsional  frequencies  /2  /•  The  node  shapes  of  structure* 
were  obtained  by  placing  seismometers  at  different  It  - 
▼sis  sf  the  building.  In  this  connection,  many  examples 
are  given  in  the  following  part  ef  this  paper. 

3.  DTIAHC  TBSfS  CARRIED  OUT  AID  RESULTS  OBTAHBD  BT 
SIB  I1U110  Stiff  01  KXFKRIMBITAJi  RESEARCH  01  STRUG- 
TURKS  SUBJECTED  TO  EARTHQUAKE  ACTIOI 

3.1.  Dynamic  Tests  on  Free  Vibration  Response,  of 

Structures 

The  free  rlbratien  tests  are  very  simple  and  oensht 
in  recording  the  vibrations  ef  a  structure  about  its 
statio  equilibrium  position,  after  the  deformation  caused 
by  palling  with  a  horisental  (or  inolined)  force  or  by 
an  impact  with  a  pendulum  that  can  strike  horisental 
blow.  By  recording  the  amplitudes  of  structural  vibra¬ 
tions  vs.  time,  the  natural  period  oan  be  dlreotly  iden¬ 
tified  and  the  damping  ratio  oan  be  easy  evaluated(see 
paragraph  2.1.)  An  applioatien  ef  the  pulling  teohnique 
was  performed  on  some  low-rise  building  with  wood  struc¬ 
tures. 

An  Interesting  example  oan  be  discussed  as  an  in  - 
pulslve  test.  A  re inf  rood  oonerete  structure  with  eight 
levels  was  striken  by  a  pendulum  and  the  structural  res¬ 
ponse  to  this  "  ini  t  ia  1  -re  1  oo  ity "  excitation  war:  re  cor  - 
ded.  The  results  are  plotted  in  Fig.  2  The  data  obtained 
from  these  testa  were  compered  with  ambient  vibration 
studies.  In  connection  with  the  natural  periods  of  vibeu- 
tion  the  results  from  both  studies  showed  good  agreement. 

3.2.  Dynamic  Tests  on  Forced  Vibration  Response  of 

Structures 

3.2.1.  Tests  yvth  vibration  sene re tors 

Tests  with  eoeentrio  weight  exciters  were  performed 
on  large-soale  models.  The  vibration  generator  used  have 
two  baskets  whloh  oan  rotate  about  a  vertical  axis.  The 
magnitude  ef  the  unbalanced  weights  oan  be  altered  so  as 
to  produoe  different  alternating  forces.  The  maximum  mo¬ 
ment  ef  eoeentrio  weights  is  aprox.  22  kgm  which  leads 
to  a  naginata  ferae  ef  aprox.  90  kl  at  10  Rs.  This  foroe 
is  toe  small  for  exoltli^  full-soale  structures  and  thmg 
fere  only  models  were  tested. 

Am  example  ef  a  recent  investigation  ef  the  dynamic 
behaviour  ef  a  R.C.  frame  structure  (model  at  Ii4  scale) 
is  presented  in  the  following.  The  sohene  ef  the  model  is 
shewn  in  Fig.  3  The  acceleration  and  velocity  transduoers 
were  placed  at  different  levels  ef  the  structure,  as 
shewn  in  the  same  figure.  The  model  was  tested  at  four 
levels  ef  excitation,  corresponding  to  maximum  foroes  ef 
aprox.  56  kl,  62  kl,  68  kl  and  90  kl  (at  10  Ha),  the  re¬ 
sonant  curves  for  each  level  ef excitation  are  plotted  ia 
Fig.  4.  It  earn  be  clearly  seen  that  the  model  has  non  - 
linear  reseaanee  curves  (the  natural  period  decreases  with 
the  inarea  sc  of  the  exciting  force).  The  responses  ef 
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structure  at  different  levels  were  recorded  ao  a a  to 

derive  the  natural  pariads  and  aod« shapes.  The  experl  - 
aaatal  mode  shapes  are  platted  in  Tic*  5*  la  order  to 
compare  axparlaental  raaalta  with  analytical  evaluations 
seme  theoretical  analyses  ware  performed.  Tha  mathema- 
tioal  aodal  of  the  franc  at  mo  tore  is  shown  in  Tig*  6 
It  oan  ha  seen  that  tha  11-story  struoture  was  nodaled 
as  a  13-degree-ef-freedom  ayatan  (11  DOT  for  eaoh  oen- 
oantratad  waaa  and  2  DOT  for  the  foundation)*  The  stif¬ 
fness  properties  af  the  struoture  are  characterised  hy 
tha  lateral  stiffness  of  individual  stories.  The  sohema- 
tio  defamation  of  the  franc  struoture  is  shewn  in  Tig* 7 
and  the  reelagioal  aedel  is  plotted  in  Tig.  8.  Using 
this  nodal,  the  nodal  analysis  and  the  response  of  struo¬ 
ture  to  dynamic  loads  wore  perfumed.  The  evaluations 
wore  nade  for  different  values  of  stiffness  so  as  to 
obtain  a  good  agreenont  with  experlnental  results.  The 
analytical  node  shapes  are  plotted  in  Tig.  9.  Using  si¬ 
militude  criteria,  the  results  obtained oritbelarge-aoale 
nodal  were  transposed  to  the  prototype.  Talcing  into  con¬ 
sideration  these  oriterla  the  natural  frequencies,  the 
stiffness  properties,  the  naxinun  response  in  accelera¬ 
tions  were  evaluated.  Important  conclusions  for  the 
design  of  R.C.  franc  structures  were  obtained. 

3.2.2.  Teats  on  Shaking  Tables 

The  sane  type  of  large-scale  nodels  as  described 
above  were  tested  on  a  shaking  table  in  ardor  to  oonpare 
the  results.  The  testing  wore  perfomed  in  the  laborato¬ 
ries  of  the  Jassy  Branch  of  the  Central  Institute  for 
Research,  Design  and  Guidance  in  Civil  Engineering 
( ICCPDG ) .  Sinoe  the  shaking  tables  of  the  seisnio  testing 
station  whioh  will  be  built  in  IBCBRC  are  planned  to 
function  in  1988,  no  other  aspects  on  shaking  table  tests 
are  presented  in  this  paper. 

3.2.3*  Teats  to  Mah-Bxoitod  Titrations 

As  shown  in  the  previous  part  of  tl .s  paper,  nan  - 
oxpitcd  vibration  tests  are  simple  tests  of  resonant  vi¬ 
bration  of  structures*  Using  the  nouvenent  book  and  forth 
of  two  or  three  persons  in  synchronism  with  the  natural 
period  Of  the  struoture,  it  is  possible  te  exoite  struc¬ 
tural  vibrations  with  anplitudoi higher  than  those  excited 
by  ambient  vlbratiohs.  The  resonance  testing  is  easier 
to  bo  done  if  the  persons  who  are  noving  to  exits  the 
struoture  are  watohlng  on  a  nonitor  so  that  to  follow  the 
resonant  tendency  of  struoture.  Tibration  records  obtained 
in  this  way  in  a  multi-story  reinforced  oonorete  building 
are  plotted  in  Tig.  10.  In  this  way,  both  the  natural  pe¬ 
riods  and  the  damping  ratLos  oan  be  determined.  Of  course 
such  tests  with  their  low  amplitudes  of  vibration  oan't 
substitute  aore  complex  Investigations  on  dynamlo  be ha  - 
viour  of  structures.  However,  this  method  offers  useful 
data  in  many  oases  for  which  no  other  dynamlo  tests  oan 
be  oarrled  out. 
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3.2.4*  Testa  to  Transient  Excitations 
3. 2.4.1.  Tests  to  Wind-Excited  Vibrations 

Buildings  art  exposed  ts  a  wide  ranee  of  aerodyne- 
■ie  offsets,  The  wind  offset  ts  a  given  building  depends 
on  the  struct oral  type  and  characteristics.  Only  the  dy¬ 
namic.  t.f  foot  whloh  oauses  Wilding  osolllatlsns  is  pre- 
ssntod  bars.  Tke  wind  exciting  forces  are  a  stationary 
randoa  prooess  with  flat  frequency  speotrun.  Therefore 
tke  assunptiotf made  in  chapter  2  of  this  paper  nay  he 
used.  Tke  wind  induced  Titrations  of  a  high-rise  Wil¬ 
ding  haring  steel  structure  are  de earthed  in  the  follow¬ 
ing.  The  ororall  floor  dimensions  and  tke  height  ef  the 
Wilding  are  shown  la  fig.  11  and  12.  Measurements  of 
wind  induood  Titrations  were  performed  at  different  le- 
rela  of  the  Wilding  and  the  results  were  compared  with 
those  ebtained  to  aiorotrenor  tests.  Figures  13  and  14 
represent  structural  oscillations  at  the  lerel  of 
Wilding  in  these  two  situations  mentioned  store.  The 
Fig.  13  referee  to  transrerse  oeo illations  and  Fig.  14 
te  longitudinal  oscillations.  It  oan  W  etaorred  how 
the  amplitude*  of  Titration  increase  when  the  Wilding  is 
subjected  to  wind  excitation.  The  sane  ohserration  oan 
W  node  in  oonneotion  with  Fig.  15  in  which  Titrations 
of  Wilding  in  floor  plan  are  plotted.  It  must  te  men¬ 
tioned  here  that  the  wind  speed  during  the  measurements 
was  aprox.  25  m/seo.  Because  of  the  low  IstsI  of  exoi- 
totion  and  the  complex  nature  of  the  exoiting  force .da¬ 
ta  analysis  Waed  on  autocorrelation  techniques  has  Wen 
applied.  In  Fig.  16  the  autocorrelation  function  of  oe- 
oillationa  at  Wacment  is  plotted.  It  can  W  o Warred 
that  the  function  is  typioal  for  wide  Wnd  excitations 
/  3 /•  Conversely,  the  autocorrelation  functions  for  the 
osoillations  recorded  at  upper  levels  of  the  Wilding 
are  typioal  for  narrow  Wnd  stationary  random  prooess 
/3/.  These  functions  are  plotted  in  Fig.  17  and  18. 
Using  autocorrelation  technique  and  other  types  ef  da¬ 
ta  analysis  suitable  for  lew  level  exaltations,  the  dy¬ 
namic  properties  of  the  Wilding  were  obtained.  The  na¬ 
tural  periods  of  vibrations  worst 

-  in  the  transverse  direction!  Tj  ■  1.2e  seo. 

Ijj»  0.4o  seo. 

-  in  the  longitudinal  directions  -  l.lo  see. 

Tjj»  0.5o  seo. 

The  damping  ratios  obtained  were i 

-  in  the  transverse  directions  n^  -  O.o4 

-  in  the  longitudinal  directions  nj  -  0.e2 

The  results  indicate  hew  the  Wilding  excited  to 
wind  forces  responds  In  the  fundamental  and  the  second 
node  ef  vibration.  The  seoend  node  has  a  rarer  oeourenoe 
Wt  it  could  W  identified. 


I 


She  natural  periods  obtained  iron  wind -exol tat ion 
testa  shew  good  agreement  with  nioretrenor  teats. 

3.2. 4. 2.  Quarry  Blast  testa 

She  blasting  is  widely  used  in  nine  work,  when  great 
weight  explosive  charges  are  used  to  dlaloeate  the  ni- 
nerals.  These  explosions  oause  seiawio  vibrations  whioh 
oan  be  dangerous  for  the  buildings  located  near  the 
blasting  centre.  It  has  been  found  that  large  quarry 
blasts  generate  ground  accelerations  in  their  iaaediate 
vicinity,  that  are  ooaparable  to  earthquake  ground  no¬ 
tions.  the  buildings  basing  subjected  to  high  level  ex- 
oitatien  /1 2  /  •  In  this  oonneotion.  the  staff  on  experi¬ 
mental  research  froa  IICXSC  perforaed  many  testa  on 
structures  looated  near  blasting  oeatres  and  aubjeoted 
to  quarry  blast  loads.  The  aain  results  are  presented 
in  the  following. 

Tig.  19  represents  the  aoeeleration-tine  plot  of 
seisaio  oscillations  eaused  by  a  blast  operation.  It  oan 
be  observed  the  envelope  of  amplitude*  of  vibrations 
whioh  is  typioal  for  blasts.  Time  acceleration  reoords 
and  Fourier  spectra  of  these  records  are  shewn  in  Fig.2o. 
■any  building  were  tested  to  aiorotreaers  and  blast  ex- 
oitatien  la  order  to  oeapare  the  responses.  Different 
Fourier  spectra  for  building  osoillations  due  to  aiero- 
trcaors  in  different  years  are  shown  in  Fig.  21  It  was 
observed  thet  after  aany  blasts  the  natural  periods  of 
buildings  increase  (see  Fig.  22)  and  consequently  the 
stiffness  of  structures  decreases.  This  observation  is 
due  to  the  foot  that  euaulative  damages  appear  after 
blasting  operations  whioh  cause  building  vibrations. 

The  results  obtained  la  this  field  slowed  to  cre¬ 
ate  a  base  of  data  very  useful  for  the  evaluation  of 
existing  buildings  in  blasting  areas  and  the  design  of 
new  buildings  near  mining  enterprises.  It  was  observed 
that  the  speotral  composition  of  osoillations  during 
explosions  la  narrower  than  that  of  earthquakes. There 
are  no  long  periods  of  osoillatlon  and  therefore  the 
effect  of  blast  operations  on  flexible  struotures  is 
net  dangerous  when  ooapared  to  earthquakes.  The  dynaalo 
amplification  of  struotures  aubjeoted  to  blast  excita¬ 
tion  (the  ratio  of  the  vibration  aaplitudes  at  the  top 
to  its  base)  is  less  than  it  is  when  aubjeoted  to  earth¬ 
quakes  due  to  the  lessor  duration  of  osoillations  during 
the  explosions. 

Froa  the  results  of  the  data  concerning  the  blas¬ 
ting  operations  affecting  several  buildings,  a  techni¬ 
cal  prescription  for  the  design  of  buildings  in  mining 
nones  was  elaborated. 


3.2.4.3.  Teste  to  lateral  Earthquakes 

4  strong  earthquake  oan  be  oonsidered  a  great  dy¬ 
naalo  test  for  full-scale  structures.  In  this  oonneotion 
many  pre-earthquake  research  activities  are  necessary. 
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In  order  to  better  know  the  seismio  aotion,  the  network 
of  seisaio  aooelerographs  is  of  inestimable  importance . 
Also  the  e true tare 1  response  reeords  are  of  great  iupor- 
tanoe  for  struoture  engine ere.  Consequently,  after  the 
1977  earthquake ,  thia  field  was  highly  dere lopped  in 

IBCKRC  and  aany  inatmnental  data  were  obtained  during 
the  1986  earthquake.  She  ana ly ale  of  the  reoorda  and  the 
data  interpretation  are  not  detailed  in  thie  paper. 

3.2.4.4.  Mlorotrenor  Tests 

there  are  aany  snail  earthquakes  and  there  is  a 
continuous  ground  notion  of  low  level  due  to  nioroseis- 
nio  aotiTity  and  to  different  nativities  suoh  as  treffio, 
industrial  vibrations  ate.  the  reaponae  of  atruotures 
aubj noted  to  niorotrenors  can  be  ^eoorded  and  analysed 
so  as  to  identify  their  struotural  properties  in  the  li¬ 
near  range  / 2  / • 

the  anbient  vibration  tests  of  full-Boale  structu¬ 
res  offer  not  only  an  effioiont  way  of  studying  the  li¬ 
near  response  of  atruotures  but  an  inatrunent  for  iden¬ 
tifying  building  danago  after  strong  earthquakes  / 7  /• 
Because  of  the  very  low  level  of  vibrations,  special  ne- 
thodes  and  adequate  lnstrunentation  are  required.  A  ge¬ 
neral  sohene  of  the  data  processing  and  lnstrunentation 
required  for  anbient  vibration  tests  is  shown  In  Pig.  23. 

Dynamic  properties  of  atruotures  can  be  identified 
using  different  nethods  of  data  analysis  suoh  as  those 
presented  in  the  following. 

Many  types  of  atruotures  were  tested  to  ambient  vi¬ 
brations  in  order  to  identify  their  dynanlo  properties. 
The  nost  important  oharaoteriatioa  that  oan  be  identi¬ 
fied  are  the  natural  periods  of  vibration.  For  determi¬ 
ning  the  translational  and  the  torsional  natural  periods 
the  selsnoneters  are  looated  at  different  levels  of  the 
buildings.  A  typloal  record  of  the  response  of  structure 
at  the  top  level  is  plotted  in  Pig.  24  The  corresponding 
Fourier  speotra  of  struotuzul  oscillations  are  shown  in 
Pig.  23  and  the  corresponding  autocorrelation  functions 
are  shown  in  Pig.  26.  Using  the  sun  and  the  difference 
of  seismometer  signals  at  eaoh  fleer  level,  translatio¬ 
nal  and  torsional  medal  infexnation  oan  be  obtained.  In 
this  way  natural  periods  and  node  shapes  are  identified. 

Per  uo re  important  atruotures  some  biographical  stu¬ 
dios  were  performed  ia  order  to  identify  ehanges  in 
struotuzul  stiffness.  As  an  example,  a  teat  on  a  large- 
apan  struoture  ia  deaeribed  below.  The  floor  plan  and 
the  seotlen  of  the  struoture  are  shewn  in  Pig.  27  The 
natural  periods  of  vibrations  for  eaoh  mode  were  deter¬ 
mined  at  different  periods  of  time.  The  results  are 
shown  la  Pig.  28. 

Ambient  vibration  tests  were  performed  on  some  spe¬ 
cial  atruotures  suoh  as  towers  and  sylos. 

Dynamic  eharaoterlstios  of  a  control  tower  are  dis- 
oussed  in  the  following.  The  tower  ia  more  than  5o  m 
height  and  has  a  cross  section  as  shown  in  Pig.  29. 
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k  representative  sample  of  structural  response  at 
♦  82. 5o  ■  level  and  its  corresponding  Fourier  speotrum 
art  Bhown  in  Tig.  3o.  The  nod#  shapes  of  vibration  are 
shown  in  Fig*  31* 

The  natural  periods  of  vibration  were  » 

-  in  tha  transverse  direotion  Tj  -  0.9o'seo. 

-  in  the  longitudinal  direotion  Tj  *  0.64  aeo. 

Important  results  were  obtained  on  large  oapaoity 
aylos  atruoturea.  The  selanometere  were  plaoed  as  shown 
in  Fig.  3 2.  Typioal  osoillationa  of  this  kind  of  struo- 
turea  are  plotted  in  Fig.  33 

Dynamic  testa  to  niorotrenor  exaltation  were  also 
performed  during  the  translations  of  some  important  mo¬ 
numents  which  were  replaced  in  tha  urban  area.  The  train 
lation  displacement  ts.  tine  and  the  structural  oscil¬ 
lations  are  plotted  in  Fig.  34  and  35.  It  can  be  seen 
that  in  the  first  oaae  (Fig.  34)  the  speed  of  transla¬ 
tion  is  net  so  uniform  and  therefore  the  structural  os¬ 
cillations  are  due  to  micro tremors  and  shocks.  In  the 
second  oaae  (Fig.  35)  the  uniformity  of  translation 
speed  (due  to  the  running  in  of  the  meohanioal  system 
of  translation)*  is  obvious  and  therefore  the  oscil¬ 
lations  are  due  only  to  micro tremors. 

Important  tests  were  oarried  out  on  a  residential 
building  on  whioh  the  response  at  the  top  level  was  re¬ 
corded  during  the  1977  earthquake.  The  floor  plan  of 
the  building  ia  ahown  in  Fig.  3b.  In  order  to  compare 
the  structural  response  with  the  strong  motion  accele¬ 
ration.  Fig.  37  shows  acoeleration  vs.  time  records. 

In  Fig.  37a  the  H-S  component  of  the  aooelerograa  recor¬ 
ded  daring  the  4  March  1977  earthquake  is  plotted.  In 
Fig.  37b  the  response  of  struoture  in  the  normal  direc¬ 
tions  k  and  B  (the  main  record  directions  of  the  strong 
motion  aoaelerogxuph)  is  represented.  The  response  of 
struoture  in  the  main  directions  of  the  building (trans¬ 
verse  and  longitudinal)  ia  plotted  in  Fig.  37o.The  bio¬ 
graphical  evolution  of  the  natural  periods  of  vibration 
is  shown  in  Fig.  38. 

wiving  the  great  number  of  experimental  data  on 
existing  buildings,  a  lot  of  statistical  studies  were 
possible.  These  studies  took  into  consideration  all  the 
available  data  ooneeming  the  dynamic  characteristics 
of  different  types  of  buildings. 

k  first  attempt  was  made  to  correlate  the  fundamen¬ 
tal  natural  periods  (as  a  function  of  the  number  of  buil¬ 
ding  levels)  and  the  observed  damage  of  buildings.  The 
results  are  presented  ia  Fig.  39. 

«  other  attempt  was  made  to  ohsok  the  efficiency 
of  strengthening  works  carried  out  after  the  1977  earth¬ 
quake  by  means  of  the  changes  in  natural  periods  of  bull 
dings  pro  and  post-strengthening  works  (see  Fig.  4o). 

Other  types  of  correlations  suoh  as  the  increase  of 
natural  periods  vs.  damage  degree  of  building  were  also 
carried  out  /21 /. 


4.  PI *41  H1BUCT3 

flu  paper  presented  •  review  of  the  min  aotivi- 
tles  earned  oat  hy  the  staff-on  experimental  research 
on  structures  subjected  to  earthquake  action  from 
IHC3SC.  There  are,  of  ooursc,  may  things  oaitted  or 
insaffioient  de re lopped  hut  the  most  inportant  aspeots 
oenoemlng  dynaaio  tests  on  large-soale  nodels  and 
fall-scale  structures  were  presented. 

It  clearly  appeared  the  inportanoe  of  the  dynaaio 
tests  on  structures  for  the  derelopaent  of  earthquake 
engineering  field.  It  ms  also  shown  that  experiaental 
studies  hare  to  he  perforaed  in  correlation  with 'theo¬ 
retical  analysis. 

The  author  oonaldera  that  the  efforts  for  expe¬ 
riaental  Investigations  mentioned  above  aust  he  conti¬ 
nued  and  increased,  heoause  the  dynaaio  testing  of 
structures  has  mde  a  great  progress  in  the  past  years 
and  this  progress  has  to  he  sooeleruted. 
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.  1 .  Foreword 


Human  history  has  recorded  many  cases  of  natural  disasters 
such  as  earthquakes,  floods,  high  winds,  volcanic  eruptions,  and 
the  like,  the  consequence  of  which  have  sometimes  been  extremely 
serious,  especially  in  urban  areas  with  high  population 
densities.  In  recent  years,  the  general  public  has  become 
increasingly  concerned  with  this  matter.  It  is  high  time,  for 
both  developing  and  developed  nations,  to  start  woiking  to 
formulate  more  positive  disaster  prevention  measures  which 
consist  .iot  only  of  relief  action  but  also  of  disaster  prevention 
and  mitigation  considerations.  Moreover,  there  is  a  rising 
interest  among  policymakers  and  planners  regarding  disaster 
prevention  measures  to  be  considered  in  the  context  of  regional 
development  planning  and  management.  For  this  purpose,  study  and 
research  concerning  regional  development  planning  forcusing  on 
disaster  prevention  and  an  introduction  fo  new  technology  are 
essential.  Particularly,  there  is  a  need  to  reconsider  the 
existing  legal  and  institutional  aspects  of  disaster  prevention, 
to  analyse  the  principal  measures  concerning  disaster  prevention 
and  relief  actions  within  the  policies  of  each  nation,  to  study 
the  methods  and  mechanisms  of  including  disaster  prevention  in 
the  process  of  regional  development,  and  to  seek  for  the  possible 
measures  to  construct  a  human  living  environment  move  resilient 
to  natural  disasters.  Presently,  several  international 
organizations  are  beginning  work  on  such  study  and  research 
work  in  respect  to  the  prevention  fo  natural  disasters.  In  this 
regard,  the  United  Nations  Centre  for  Regional  Development  held 
an  International  Seminar  on  Regional  Develpment  Planning  for 
Disaster  Prevention,  in  September  1986. 

Let  me  give  you  a  brief  introduction  to  the  United  Nations 
Centre  for  Regional  Development  (UNCRD).  The  Centre  was  created 
in  1 9 ? 1  as  a  field  project- of  the  United  Nations,  to  promote 
regional  development  planning  in  developing  countries. 

The  UNCRDs  airms  are!  to  serve  as  a  training  and  research 
centre  in  regional  development  planning  and  related  fields  for 
developing  countries  who  may  wish  to  avail  themselves  of  its 
services;  to  provide  advisory  services  in  regional  development 
planning  and  related  fields  at  the  request  of  developing 
countries;  to  assist  developing  countries  in  promoting  the 

exchange  of  data  in  regional  development  planning  and  related 
field;  and  to  assist  and  cooperate  with  other  international 
organizations  cencerned  with  regional  development  planning 

and  related  fields.  Throughout  the  sixteen  years  of  UNCRD’s 
existence,  these  aims  have  remained  constant. 

UNCRDs  current  projects  are  concentrated  in  the  following 
areas'  t)  Urban  housing  development  (fnrnisna  on  development 
strategies  for  metropolitan  areas  and  on  the  strengthening  of 
living  environment  management);  2)  Regional  management  (focusing 
principally  the  strengthening  fo  regioanl  palnning  and 

management  by  legal  autonomous  governments);  3)  Environmental 
management  (focusing  on  the  prevention  of  environmental 
degradation  with  reference  to  inland  water  managemnt);  <1) 
Regional  disaster  prevention  (focusing  on  the  strengthening  of 
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local  communities’  capacity  for  disastei  prevention):  t>)  Social 
development  (focusing  on  the  strengthening  of  social,  economical, 
and  adm i n i s tra t i ve  assistance  to  the  poor);  6)  Information 
system  planning  (focusing  on  the  development  of  information 
systems  for  the  regional  coamuity  and  the  strengthening  of 
planning  and  management  systems);  f)  Industry  involvement  and 
energy  development  (focusing  on  the  improvement  of  local  industry 
and  its  sustainability). 

Among  the  seven  ireas  listed  above,  item  four,  disaster 
prevention,  constitutes  an  important  domain  in  which  our  research 
and  studies  fully  embody  the  Centre's  objectives,  as  outlined 
previously. 

The  roving  International  Seminar  on  Regional  Development 
Planning  for  Disaster  Prevention  was  held  in  Nagoya,  Shizuoka, 
and  Tokyo,  with  each  venue  averaging  an  attendance  of  2b0 
participants.  I  would  like  to  provide  an  outline  of  the  major 
features  of  this  Seminar  in  the  following  sections. 

2.  The  International  Seminar  on  Regional  Developemnt  Planning 
for  Disaster  Prevention 

(1)  The  Background  And  Main  Objectives  c»f  the  Seminar 

Os  mentioned  in  the  previous  chapter,  the  necessity  of 
including  disaster  prevention  and  mitigation  considerations  in 
regional  planning  has  become  increasignly  recognized  in  many 
countries,  especially  in  the  developing  countries.  Accordingly, 
the  need  to  formulate  development  policies  which  are  more 
responsive  to  disaster  prevention  and  mitigation  considerations, 
is  gaining  recognition.  In  d i sa ter -prone  countries,  the 
integration  of  disaster  prevention  measures  into  comprehensive 
regional  planning  and  resource  management  is  desperately  needed. 
The  i nc or por ta i on  of  disaster  prevention  measures  in  to  regional 
Planning  practices  is  intended  to  ,ro#ote  safer  local 
communities.  A  philosophy  of  safety  and  securing  is  the 
fundamental  prerequisite  for  maintaining  and  promoting 
communities  development,  as  well  as  international  peace. 

It  is  worthwhile  noting  that  in  this  respect,  the 
International  Seminar  was  held  to  commemorate  both  the  United 
Nations  International  Year  of  Peace,  and  the  fifteenth 
anniversary  fo  the  United  Nations  Centre  for  Regional 
Deve I opmen  t . 

The  Seminar's  abjectives  were  to‘- 

t)  Serve  as  a  forum  for  exchange  of  relevent  experiences 
and  ideas  among  policymakers,  scholars,  and  planners,  who  are 
engaged  in  regional  development  planning  for  disaster  prevention, 
and  to  promote  greater  understanding  of  common  problems; 

2)  Review  current  approaches  and  practices  'i  selected 
countries  for  promoting  disaster  prevention  in  the  context  of 
regional  development  planning  management; 

3)  Investigate  the  ways  inwhich  regional  development 
planning  can  contribute  to  disaster  prevention  and  cost-disaster 
rehabi  I  i  tai  ton/recons  ft  ruction; 

d)  Delineate,  on  the  basis  of  seminar  discussions,  the 
policy  issues  as  well  as  some  prospective  strategics  for  creating 
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urban  and  rural-  communities  which  are  more  resilient  to 
disasters;  and 

5  >  Discuss  future  alternative  approaches  to  regional 

development  planning  that  will  incorporte  the  need  for 
comprehensive  resource  management  and  disaster  prevention. 

This  Seminar'was  organized  by  UNCRD  in  co I  I abara t i on  with 
other  UN  organizations  such  as  the  United  Nations  Department  of 
Technical  Cooperation  for  Development  (UNDTCD),  the  World 
Meteorological  Organization,  Food  and  Agriculture  ORganization  fo 
the  Untied  Nations,  United  Nations  Educational,  Scientific  and 
Cultural  Organization,  United  Nations  Office  of  the  Disaster 
Relief  Coordinator,  and  the  Untied  Nations  Centre  for  Human 

Settle3aents  (HABITAT).  Other  collaborating  agencies  and 
organizations  from  Japan  included  the  Ministry  of  Foreign  Affairs 
eleven  other  government  organizations,  five  local  government 

bodies,  and  two  nongovernmental  organizations. 

(2)  Organization  of  the  Seminar 

The  IOnternational  Seminar  on  Regional  Development  Planning 
for  Disaster  Prevention  had  three  plenary  sesssions  held, 

respectively,  in  Nagoya,  Shizuoka,  and  Tokyo,  and  three  ancillary 
programmes  (workshop,  citizen's  forum,  and  special  programme) 
held  in  Tokyo.  At  each  plenary  session,  a  theme  was  allocated  in 
view  o  fthe  feature  characterizing  each  region. 

In  Nagoya,  the  first  plenary  session  was  held  under  the 
theme  of  "Planning  and  Management  for  the  Prevention  and 
Mitigation  from  Flood  and  High  Wind  Disasters,"  as  the  Nagoya 
area  is  prone  to  serious  damage  of  this  type.  Various  disaster 
prevention  measures,  especially  those  to  combat  high  tide  have 
ben  implemented  by  national  and  local  government  in  response  to 
typhoons  and  high  winds.  The  plenary  session  held  at.  the 
Shizuoka  part  of  the  Seminar  was  held  under  the  tht.ne  of 
"Planning  and  Mitigation  for  the  Prevention  and  Mitigation  form 
Earthquake  Disasters"  fn  view  of  the  fact  that  various 
countermeasures  for  the  potential  Tokai  Earthquake,  including 
earthquake  prediction  measures,  are  currently  being  implemented 
because  of  the  area's  high  hazard  risk. 

In  Tokyo,  the  theme  was  "Planning  and  Management  for  the 
Prevention  and  Mitigation  from  Natural  Disasters  in 
Metropolises."  Tokyo  has  suffered  repeated  damage  from  strong 
earthquakes,  and  is  a  high  risk  area  where  a  strong  earthquake  is 
likely.  There  are  many  problems  in  the  restructuring  of  Tokyo  to 
transform  it  into  a  metropolis  which  is  resistant  to  urban 
hazards.  Various  organizations  are  making  endeabvours  which  are 
worth  examining.  On  the  last  day  of  the  Seminar  in  Tokyo,  a 
summary  and  a  set  of  recommendations,  synthesizing  the  findings 
from  all  three  venues,  were  presented  for  discussion,  and  a 
declaration  and  aframework  for  action  were  presented.  The 
declarations  makes  reference  to  the  role  of  individual 
international  organizations  in  the  context  of  international 
co l I abora i ton  in  disaster  prevention,  and  this  paper  will  present 
the  details. 

In  Tokyo,  three  ancillary  programmes  were  held  besides  the 
plenary  seminar;  the  Workshop,  the  Citizen’s  forum,  and  the 
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Special  programme.  In  the  Workshop,  the  professionals* 
specialists  and  allied  experts  who  attended  the  seminar  were 
given  an  opportunity  to  discuss  disaster  prevention  and 
mitigation  measures  in  the  context  of  regional  planning  in  depth. 
Three  workshops  were  conducted  on  the  themes  which  corresponded 
with  the  sessions  in  Nagoya,  Shizuoka,  and  Tokyo.  About  TO 
persons  attended  those  workshops. 

fit  the  Citizen's  Forum,  under  the  assumption  that  an 
earthquake  wiht  an  intensity  of  6  has  occured  in  Tokyo, 
"Community  and  Disaster  Prevention"  was  discussed  with  reference 
to  repoart's  from  the  public  sector,  the  business  sector  and  i  he 
private  sector.  Approximately  250  people  attended. 

Lastly,  the  Special  Programme  focused  on  Mexico  and  Colombia 
which  suffered  great  damage  as  a  result  fo  disasters  in  1985. 
With  the  attendance  of  several  experts  from  both  countries,  the 
rehabilitation  and  reconstruction  programmes  and  relief 
activities  following  earthquake  disaster  in  Mexico,  and  the  flood 
disaster  following  the  vo I c a n i c  er u p t i on  in  Colombia,  as  well  as 
potential  problems  arising  from  such  disasters  were  discussed 
along  wiht  the  presentation  fo  detailed  reports.  About  200 
persons  attended  this  programme. 

(3)  Contents  of  the  Seminar 

As  to  the  detailed  contents  fo  the  Seminar  reference  should 
be  made  to  the  summary  fo  the  proceedings  already  published, 
(Footnote  l).  This  paper  will  detail  the  contents  of  the 

discussions  with  respect  to  Planning  and  management  for  the 
prevention  and  mitigation  from  natural  disasters.  The  summaryof 
the  discussion  was  made  with  an  emphasis  on  fout  broad  a-,  tion 
areas,  (data  base  preparation,  research,  education  arid  training, 
and  implementation  strategies). 

1)  D  a  Base  Preparation 

Data  is  available  through  various  means,  but  increased 
importance  should  be  given  to  the  effective  and  appropriate 
process  and  u t  i  I  i  z  i  ng  sue h  c o  I  I  ec  t  ed  d a  te .  Accordingly,  it  is 
necessary  to  identify  existing  data  sources,  analyse  their 
content,  and  to  fill  in  any  gaps  which  may  exist.  Such  date 
should  take  into  account  situation,  specificity  of  type  of 
disaster  and  hazard,  the  anture  of  the  location,  cultural  factors 
which  distinguish  disasters,  from  one  context  to  another.  Such 
collected  data  should  be  viewed  as  a  broad  concept  which  embodies 
more  than  an  accumulation  of  statistics  and  digital  data.  The 
past  records  of  disasters,  for  instance,  constitute  a  source  of 
data  both  relevant  and  important  for  future  disaster  prevention. 
The  collected  date  should  be  made  available,  at  an  affordable 
cost,  to  the  countries  in  need  of  them,  and  then  disseminated 
through  mass  media.  In  addition,  it  si  necessary  to  prepare  a 
widely  accepted  and  understood  set  of  terms  for  practical  visage, 
which  could  be  adapted  to  different  languages.  This  would 

facilitate  making  the  best  use  of  a  available  information  on  a 
shared  basis.  Also,  in  metropolitan  areas,  i i  was  seen  as  vital 
to  set  up  continual  disaster  warning  systems  and  a  mechanism  for 
communicating  information  to  users. 
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2)  Research 

The  most  important  criterion  for  conducting  research  in  any 
area  should  be  its  relevance  to  citizens'  needs.  There  is  a  need 
to  establish  close  cooperation  and  mutually  supportive  relations 
between  producers  and  users  of  t ec h i no  l  09 i c a  I  expertise.  Also 
required  are  improved  i mterd i sc i p I i nar y  relations  and  a  close 
examination  fo  regional  and  local  conditions.  As  one  means 
toward  that  goal.  it  is  necessary  to  clarify  terminology  in 
related  fields  of  natural  disasters. 

3)  Training  and  Education 

Training  and  education  should  be  directed  not  only  at. 
researchers,  scientists,  and  allied  specialists  to  disseminate 
new  methods  an  d tec h i n i ques,  but  also  at  politicians,  planners, 
community  leaders,  and  architects.  It  is  necessary  to  anticipate 
the  requirement  for  disseminating  information  to  the  public  and 
to  support  the  activities  of  universities  and  research 
insti tutes. 

d>  Implementation 

In  implementing  effective  data  base  construction,  research, 
training  and  education  programmes.,  international  cooperation, 
both  bilateral  and  multilateral,  is  necessary.  Particularly 
required  is  the  collaboration  between  the  developing  and  the 
developed  countries  in  working  towards  the  development  of  new 
technologies  which  are  both  inexpensive  and  appropriate.  Through 
th  ed i ssem i nat i on  fo  date  and  research,  the  developed  countries 
should  support  the  developing  countries  in  reinforcing  their 
technological  and  economical  foundations  towards  disaster 
prevention.  In  implementing  disaster  prevention  programmes,  it 
is  necessary  to  firstly  understand  the  fact  tha  tth  eacceptable 
level  of  risk  in  any  society  is  essentially  a  political  decision, 
and  then  secondly,  to  work  within  these  parameters. 

To  summarize,  it  was  pointed  out  that  further  efforts  are 
needed  from  UNCRD  and  other  United  Nation's  International 
Organizations,  international  organizations,  and  participating 
countries  regarding  how  to  integrate  such  disaster-related 
subjects  as  rescue,  relief,  rehabilitation,  reconstruction  and  so 
forth  into  regional  development  planning.  Also  required  are  the 
collaboration  and  sharing  0  fthe  burden  on  the  public  sector  by 
private  sector  and  voluntary  organization,  technological  exchange 
through  increase  international  collaboration  between  the 
developed  and  the  developing  contries.  Moreover,  it  is  vetia! 
for  developing  countries  to  share  their  experiences  with  each 
other. 

(3 )  Recommendations  from  the  Workshop  Sessions 

The  followings  are  the  six  recommenda t i ns  which  were 
extracted  from  the  discussions  during  the  Workshop  Sessions. 

1)  It  is  important  to  promote  international  exchange  an 
d the  sharing  of  information  and  experience.  In  this  regard,  it 
is  proposed  that  an  international  network  of  institutions  be 
established  to  facilitate  definition  fo  terms  for  mutual 
understanding;  development  of  a  data  base;  regular  convening  of 
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study  meetingsd;  and  strengthening  of  international  cooperation 
in  disaster,  prevention  and  post-disaster  rehabilitation  and 
reconstruction. 

2)  An  international  centre  needs  to  be  established  to 
promote  research  and  development  in  the  systems  of  disaster 
prevention  and  post-disaster  rehabilitation  and  reconstruction. 

3)  In  considering  the  problems  and  issues  or  disaster 
prevention,  due  attention  should  he  paid  to  the  cultural 
background  of  each  region  concerned.  Past  experiences  fo  both 
success  and  failure  should  be  fully  taken  note  of  in  <reating 
communities  which  are  resilient  to  disaster  and  can  recover 
speedily  from  thier  aftermath. 

d)  Dissemination  fo  information,  training,  and  education 
constitute  an  important  area  of  policy  action  for  ensuring  that 
the  public  is  well  prepared  inthe  event  of  disasters.  In  this 
connection,  the  collaboration  of  the  mass  media  to  facilitate 
fuller  understanding  of  disasters  and  thier  impact  is 
particularly  called  for. 

5)  Planning  for  disaster  prevention  with  a  balanced  mix  of 
amenity  and  safety  factors  needs  to  pay  due  consideration  to 
cultural  and  social  elements.  Careful  consideration  is  needed  to 
ensure  the  smooth  introduction  and  dissemination  of 
technologies  in  disaster  prevention  planning. 

6) .  It  is  proposed  that  a  specific  year  should  be  designated 

as  the  "lr>  terna  t  i  na  I  Year  for  Disaster  Preparedness."  This  could 
be  an  integral  part  of  the  programme  proposed  for  an 

"international  Decade  of  Hazard  Reduction." 

(4)  Recommenda i tons 

As  a  summary  of  the  whole  Seminar,  a  set  of  recommendations 
and  a  framework  for  action  were  presented.  The  recommendations 
are  briefly  outlined  below' 

1)  the  participants  in  the  Seminar  request  that  strong 
emphasis  be  given  to  the  following  points' 

<1>  Thre  exists  an  urgent  need  to  improve  disaster 

mitigation  and  prevention  in  the.  context  of  post-disaster 

reconstruction,  regional  planning,  urbanization,  and  economic 
development  programmes; 

<  2  >  It  is  essential  to  harness  the  capabilities  of  scinece 
and  technology  to  the  task  fo  mitigating  and  preventing  natural 
disasters; 

<3>  To  achieve  the  goals  of  disaster  mitigation  and 

prevention  it  is  necessary  to  organize  and  support  international 
collaboration  among  and  between  the  producers  and  users  of 
scientific  and  technical  expertise,  including  the  development  and 
dissemination  of  appropriate  technologies  for  disaster  prevention 
and  hazard  reduction. 

2)  the  concerned  national  governments  are  called  upon  to' 

<1>  Take  steps  to  include  disaster  prevention  conponents 

and  actions  in  programmes  of  regional  development; 

<2>  Promote  the  development  and  use  of  hazard  assessment. 

<3>  Encourage  the  preparation  and  dissemination  of  public 
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disaster  awareness  information  by  the  mass  media  and  the 
eduicational  institutions; 

<d>  Support  the  de  eiopment  of  research  and  monitoring 
technology  necessary  for  the  attainment  of  disaster  prevention 
goals; 

<5>  Prepare‘topo9raphic  maps  for  disaster-prone  areas; 

<6 >  Support  and  participate  in  the  International  Decade  of 
Hazard  Reduction  (I.D.H.R.) 

3)  International  organizations  such  as  UNCRD  are  required 
to  assist  in  the  efforts  towards  disaster  prevention  in  the 
following  way s ; 

<1>  To  support  the  establishment  of  regional  centres  fro 
training,  research  and  development  as  well  as  extend  and 
strengthen  the  existing  centres; 

<2>  To  ensure  that  adequate  resources  are  available  to 
assist  nations  in  taking  improved  disaster  prevention  and 
mitigation  measures  as  well  as  long-term  reconstruction  and 
recovery  in  the  wake  of  major  natural  disasters; 

<3>  To  support  and  assist  the  holding  of  regular 

international  seminars  to  disseminate  information  about  natural 
hazard  prevention  and  to  exchange  experience  and  views  on  reginal 
development  planning  for  disaster  prevention. 

d)  Scientific  and  professional  organizations  are  required 
to  work  in  the  following  ways; 

<1>  Develop  systems  for  the  sharing  and  supporting  of  data. 

<2>  Support  and  participate  in  assessments  of  natural 
hazard  risk  and  vulnerability. 

<3>  Address  moreintensively  the  subjects  of  costs, 
benefits,  and  socioeconomic  imp! icai tons  fo  harzard  prevention 
and  mitigation  measures. 

<d>  Clarify  terminology  in  natural  disaster  related  fields 
and  prepare  guidelines  for  a  more  standardized  vocabulary. 

3.  An  International  Decade  of  Hazard  Reduction 

<1  )  I DHR  programmes. 

An  International  Decade  of  Hazard  Reduction  was  proposed'  by 
Dr.  Press,  Chairman  of  the  U.S.  Na t i na !  Research  Council  in  his 
keynote  address  given  at  the  eighth  World  Earthquake  Engineering 
Conference  held  in  San  Francisco  in  July  198d.  It  is  an 
international  collaboration  programme  disigned  to  mitigate  the 
damage  from  natural  disasters.  At  the  International  Seminar  on 
Reional  Development  Planning  for  Disaster  Preveniton  to  which 
reference  was  made  in  the  previous  chapter,  Professor  James  K. 
Mi  tenet  I  of  Rutgers  University  described  the  main  points  of  the 
programme.  In  the  declaration  presented  at  the  Semino,  national 
governments  were  called  upon  to  suport  and  participate  in  the 
I DHR  programmes. 

The  programme's  primary  goal  is  to  reduce  future  losses  of 
life  and  property  by  encouraging  the  use  fo  the  best  avialable 
hazard  reduction  information  in  decisin  that  affect  areas  at  risk 
and  to  mitigate  fro*  the  effects  of  damage  caused  by  natural 
disasters  during  the  last  decade  of  the  20th  century  designated 
as  an  International  Decade  of  Hazard  Reduction. 
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The  essential  significance  of  the  programme  lies  in  the 
development  of  scientific  and  technological  knowledge  concerning 
natural  disasters  and  their  mitigation,  and  in  the  fostering  of 
close  collaboration  and  mutually  supportive  relationships  among 
users.  Accord i ng I y ,  the  focus  of  the  programme  is  onthe 
devleopment  and  use  of  procedures  for  incorporating  information 
aobut  natural  hazards  into  decisions  about  major  investments  in 
hazard-prone  areas  and  especially  in  developing  countries  that 
have  rapidly  growing  polulations. 

The  proposed  programme  has  four  interrelated  goals! 

1)  To  increase  awareness  of  natural  hazards  and  of 
available,  means  for  hazard  reduction  among  the  populations  of 
hazard-prone  areas; 

2)  To  increase  knowledge  about  natural  hazards  and  natural 
hazard  reduction  within  the  global  scientific  and  engineering 
c  o  m  m  u  ti  i  t  y  ; 

3)  To  improve  the  exchange  of  information  about  natural 
hazard  reduction  among  scientists,  engineers,  governmental 
bod  ies,  developers,  investers,  public  and  private  organizations 
responsible  for  hazard  management,  and  the  polulations  of  hazard- 
prone  areas; 

d)  To  promote  the  use  of  hazard  reduction  measures  and  the 
evaluation'  of  their  effectiveness. 

Gome  suggestions  are  offered  concerning  the  first  steps  that 
should  bo  taken  in  the  development  of  this  programme.  Foremost 
among  these  are1 

1)  the  suggestion  that  the  programme  might  initially 
concentrate  on  the  incorporation  of  information  about  natural 
hazards  into  ma.ior  investment  decisions  in  hazard-prone  areas 
with  rapidly  growing  populations;  and 

2)  the  suggestion  that  initial  focus  m  i  u h t  be  on  the 
vulnerability  of  such  rapid-onset  events,  such  as  earthquakes, 
floods,  landslides,  and  severe  windstorms. 

Moreover,  in  launching  the  programme,  tow  important  tasks 
are  required* 

1)  documenting  and  asessing  existing  col  lections  ’of  data 
that  describe  the  global  distribution  of  natural  hazard  exposure, 
vulnerability,  and  losses;  and 

2)  collecting  and  evaluating  existing  information  about 
past  experience  with  loss  reduction  measures. 

These  tasks  can  be  accomplished  through  the  combination  fo 
research  activities,  the  convening  of  workshops,  conferences,  and 
sympos i urns . 

As  previously  mentioned,  the  International  seminar  on 
Regional  Development  Planning  for  Disaster  Prevention  extensively 
dealt  with  the  above  important  subjects,  and  called  upon  national 
governments  to  promote  the  IDHR  programme.  In  this  respect,  the 
Seminar  may  be  regarded  as  the  fi.st  i  n  lei  nu  t  i  ona  I  meeting  which 
plays  a  role  of  disseminating  IDHR  on  a  global  scale. 

(2)  Japan's  Role  in  the  IDHR 

In  the  wake  of  Dr.  Press's  proposal,  a  few  individuals  in 
Japan  were  sufficiently  motivated  to  seek  the  ways  of  promoting 
the  IDHR  specifially  within  the  realm  of  earthquake  engineering. 
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Afterwards,  the  Disaster  Engineering  Research  and  Liaison 
Committee  of  Japan  Scientific  Council  resolved  to  support  the 
rDHR,  which  coincided  with  recognition  of  the  importance  of  the 
I DHR  proposal  by  the  General  Scientific  Research  Group  for 
Natural  Disasters  organized  by  researchers  into  natural 
disasters.  The  parties  collaborated  in  the  establishment  of  a 
Japan  IDHR  Committee  which  intended  to  promote  the  I  DHR  programme 
in  Japan. 

In  this  regard,  the  IDHR  is  still  confined  to  the  academic 
sphere  with  little  real  discussions  taking  place  or 
considerations  being  made  about  the  IDHR  among  government 
organizations  and  other  concerned  organizations.  At  present,  an 
investigation  committee  set  up  by  the  National  Land  Ager:y  has 
started  operation. 

The  IDHR  related  programmes  in  Japan  are  the  following: 

l)  To  invite  Dr.  Press,  the  proposer  of  the  IDHR  and  to 
hold  a  seminar  of  administrators  responsible  for  hazard 
management  and  researchers  concerned  with  natural  hazard 
reduc  t i on . 


2)  To  establish  a  council  comprised  of  national  and  local 
government  bodies,  research  organizations,  private  corporations, 
and  academic  societies  in  order  to  unify  connections  and 
consultations  concerning  natural  disasters. 

3)  To  educate  foreign  students  who  are  majoring  in  natural 
hazard  study  at  research  /educational  organizations,  and 
provid  training  to  personnel  at  national  and  local  govenraent 
bodies  and  to  administrators  from  abroad  who  are  responsible  for 
natural  hazard  reduction  management. 

d)  To  establish  a  standign  international  rescue 
organization  for  Purposes  of  post-d i saster  rescue  operation  and 
reconstruc  t ion. 


5)  To  promote  the  improvement  of  hazard  related  i o  soar  h  and 
education  and  to  extend  and  strengthen  organizations  in  that, 
connection. 


6)  To  hold  a  regular  national  and  international  symposium 
for  natural  hazard  reduction. 

/)  To  construct  -a  data  base  on  an  international  scale 

concerning  refernces  and  statistics  regarding  natural  hazards. 

8)  To  promote  technological  assistance  w  i  < h  i egard  to 
natural  disaster  prevention  and  mitigation  at  an  international 
level  . 


9)  To  apply  high  technology  to  disaster  prove  niton  and 
develop  its  use  for  that  purpose. 

to)  To  promote  international  collaborative  study  of  natural 
disasters  with  the  consideration  of  specifing  the  type  f  , 
disaster  and  the  conditions  in  the  respective  country. 

As  for  the  first  of  the  above  items,  UNCRD  in  collaboration 
with  the  oreviously  mentioned  Japan  IDHR  Committee  is  scheduled 
to  invite  Dr.  Press  to  hold  a  roving  lecture  meeting  on  IDHR  in 
Tokyo,  Nagoya,  and  Osaka  in  October  of  this  year. 

In  this  connection,  the  International  Research  and  framing 
Seminar  on  Regional  Development  Planning  for  Disaster  Prevention 
is  also  scheduled  to  be  held  in  October  to  coincide  wiln  Dr. 
Press’s  visit.  There  will  be  15  administrators  and  researchers 
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concerned  with  disaster  preveniton  participating  in  the  seminar 
from  abroad^  and,  additioanl  participants  from  concerned  UN 
organizations  are  expected.  This  seminar  is  expected  to  be  held 
annually  so  as  to. have  discussions  on  various  aspects  of  regional 
planning  and  disaster  prevention. 


(3)  The  Role  of  U.N.  Organizations 

There  are  many  U.N.  organizations  concerned  with  natural 
disaster  problems.  Accordingly,  presented  here  are  the  major 
organizations  and  so  of  their  activities  regarding  disaster 
prevention  and  roles  in  the  promotion  of  IDHR. 


a)  As  for  UNCRD,  its  disaster  prevention  activities  were 
mentioned  in  the  first  chapter  of  this  paper.  Its  role  in 
connection  with  IDHR  are  as  follows. 

1)  To  give  priority  to  disaster  mitigation  in  regional 
development  planning; 

2)  To  include  disaster  mitigation  measures  in  medium  and 
long-term  comprehensive  regional  development  Planning; 

3)  To  call  to  public  attention  in  disaster-prone  contries 
to  the  need  for  disaster  mitigation  measures; 

d )  To  hold  an  international  conference  under  the  theme  of 
regional  planning  for  disaster  prevention; 

5)  To  conduct  training  programmes  for  disaster  mitigation 
in  regional  development  planning. 

During  the  period  of  IDHR,  promoted  within  the  context  of 
the  United  Nations,  UNCRD  will  act  as  a  participating 
organization,  and  particularly  where  developing  countries  are 
concerned  in  IDHR  promotion,  the  Centre  is  expected  to  play  a 
major  role, 


b)  The  disaster  related  activities  of  UNDP  (United  Nations 
Development  Planning)  are  to  be  fond  in  emergency  assistance  of  a 
shoijt-term  perspective,  and  reconstruction  of  a  long-term 
perspective.  It  will  play  the  following  roles  in  the  contexzt  of 


the  IDHR. 

1>  To  call  for  the  participation  of  participation  of 
countries  in  the  various  IDHR  programmes; 

2>  To  develop  and  promote  projects  with  feasibility  fo 
disaster  mitigation  in  IDHR. 

3>  To  establish  a  special  fund  for  proliferating  disaster 
mitigation  projects  during  the  IDHR. 

In  addtion,  UNDP  will  paly  somewhat  similar  roles  to  those 
of  UNCRD's  item  l>-5>.  It  will  act  as  a  leading  organization  in 
promoting  IDHR  within  the  realm  of  the  United  Nations. 


c)  UNEP  (United  Nations  Cnv  i  t  o.’.i;.ent  "roorawme)  is  concerned 
with  problems  of  disertification  and  floods  in  connection  with 
disaster  prevention,  with  an  emphasis  on  man-made  disaster  rather 
than  on  natural  disaster  owing  to  its  orientation  around 
environmental  planning.  Besides  planing  a  similar  role  to  UNCRD, 
it  works  to  raise  funds  in  support  of  projects  connected  with 
mitigation  within  the  context  of  the  United  Nations  in  piomotion 
of  IDHR. 
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d)  UNCHS  (UNited  Nations  Centre  for  Human  Settlements)  has. 
as  one  of  its  major  projects,  the  matter  of  disaster  prevention 
in  the  context  of  human  settlements  prebiems,  and  holds 
international  conferences  under  such  a  theme.  In  supporting 
I DHR  as  a  U.N.  organization,  it  is  expected  to  Play  a  leading 
part  in  conjunction  with  UNDP  while  within  the  IDHR  context,  it 
Plays  a  similar  role  to  UNEP. 

e)  UNDRO  (Office  of  the  United  Nations  Disaster  Relief  Co¬ 
ordinator)  is  a  major  organization  which  takes  charge  of  disaster 
relief  in  the  system  of  the  United  Nations.  The  followings  are 
its  duties  in  I DHR . 

1>  To  promote  IDHR  through  international  meetings  and 
tra i n i gn  courses  ; 

2>  To  decide  and  linkj  different  UN  strategies  in  disaster 
mitigation; 

3>  To  establish  a  fund  for  a  disaster  mitigation  training; 

4>  To  proliferate  an  awareness  of  the  need  for  including 
disaster  preveniton  activities  in  regional  development  planning. 

Hence  it  is’  expected  to  play  the  leading  role  in  promoting 
1 DHR  within  the  Un i ted  Nat i ons,  but  its  range  of  activities  and 
funds  are  l i m i ted . 


f)  FAO  (Food  and  Agriculture  Organization  of  the  United 
Nations)  is  concerned  with  disaster  prevention  from  the  viewpoint 
of  disaster  mitigation  and  rehabilitation  in  agriculture,  and  it 
develops  and  carries  out  a  vbariety  of  projects  in  early  disaster 
warning  and  mitigation.  Accordingly,  it  is  developing  dfferent 
types  of  disaster  mitigation  projects,  operates  an  emergency 
relief  programme  and  holds  training  courses  which  will  be 
confined  to  the  spheres  of  agriculture  while  participating  in  the 
U.N.  promotion  of  the  IDHR. 


g>  UNESCO  (United'  Naitons  Educational  Scientific  and 
Cultural  Organization)  practices  such  disaster  related  activities 
as'  uilding  inspection  of  educational  facilities  in  disaster- 
pro  ve  contries;  holding  of  training  courses  supporting 
international  meetings  for  and  exchange  of  d i sa s ter -r e  l  a  ted 
information;  and  preservation  of  constructions  of  historical 
value.  In  the  IDHR  programme,  it  plays  a  similar  role  as  UNDP, 
and  in  the  UN,  it  is  a  leading  organization  in  promoting  IDHR. 


h)  The  World  Bank'  primary  role  is  to  financially  assist 
in  various  disaster  prevention  programmes.  Within  IDHR,  it  is 
ecpected  to  dndeavour  to  reduce  the  debt  burden  of  the  disaster- 
prove  contries,  and  to  assist  in  providing  appor tun i t i es  for 
tec hn i l i g i ca I  assistance  in  the  integration  of  disaster 
mitigation  measures  into  regional  development  planning  when 
working  as  a  part  of  the  United  Nations. 


i) 

directly 
expec  ted 
areas  of 


WHO  (World  Heteorolog  i  ca  I  Organization),  though  not 
involved  in  the  matter  of  disaster  mitigation,  is 
to  make  a  contribution  in  technical  improvement  in  the 
disaster  forecasting  and  prediction.  It  is  as  important 
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as  UNEP  in  the  I DHR  'Programme  and  its  promotion  by  the  United 
Nations. 

4.  International  Cooperation !  the  present  situation  and  future 
per  spec  t  i  ves 

(1)  Emergency  Relief  System 

Presently,  an  emergency,  relief  system  is  being  organized 
among  international  organizations  and  national  governments  of  the 
developed  and  developing  nations  so  as  to  facilitate  the  rescue 
and  relief  operations  immediately  after  a  disaster  has  occured. 
Among  the  international  organizations,  the  Internatioal  Red  Cross 
Society  assists  in  the  medical  field,  and  among  the  U.N. 
organizations,  UNDRO  leads  such  activities.  In  addition,  in 
different  countries,  emergency  rescue  groups  are  organized  by 
experts  from  such  institution  as  the  fire  services,  the  police, 
and  medical  agencies,  and  thence  dispatched  to  the  disaster 
stricken  country. 

Japan  has  an  international  emergency  rescue  system  for  which 
groundwork  for  its  legal  improvement  is  underway.  It  will 
eenable  experts  to  be  sent  to  disaster  afflicted  countries 
through  the  Japan  International  Cooperation  Association.  It  has 
performed  nine  rescue  operations  since  the  Mexico  eatrthquake 
disaster  which  was  the  original  stimulus  for  its  organization. 

(2)  International  Conferences 

An  international  conference  is  a  form  fo  international 
cooperation.  At  the  Internaitonal  seminar  on  Regional 
Development  Planning  for  Disaster  Prevention  held  by  UNCRD  to 
which  references  were  made  in  Chpter  2,  there  was  participation 
not.  only  of  professionals  and  experts  from  developed  and 
developing  countries,  but  also  of  administrators  from  national 
governments.  The  Seminar  made  a  contribution  in  disseminating 
information  concerning  disaster  preveniton  and  promoting  the 
exchange  and  sharing  fo  knowlege  and  experiences  of  each 
participaitng  country. 

In  Japan,  the  International  Meeting  on  Volanoes  is 
scheduled  to  be  held  in  Kagoshima,  in  July  1988,  and  in  August  of 
the  same  year,  the  World  Earthquake  Engineering  Society  is 
Planning  to  hold  its  general  meeting  in  Japan.  Both  conferences 
concern  topics  in  which  Japan  has  made  significant  advances  in 
terms  ot  its  being  a  disaster  prone  country  Miith  a  wo  I  I -prepared 
an t i -d i sa s ter  system.  This  will  therefore  bo  an  excellent 
opportunity  to  disseminate  Japan’s  knowledge  and  to  share 
experience  concerning  these  areas.  As  for  developing  countries 
which  have  densely  populated  cities,  an  international  meeting 
focused  on  urban  disaster  prevention  measures  (such  as  ways  for  a 
disaster-prone  metropolis  to  implement  its  dices4. c r  option 

provisions  )  is  being  Planned.  Additionally,  information 
presented  at  the  abovementioned  meetings  focusing  on  different 
Phenomena  of  disasters  will  be  disseminated  to  a  wider  audience. 

(3)  International  Training 

International  Training  Courses  are  of  necessity  designed  for 
the  education  of  specialists  in  developing  countries,  and  are 
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provided  by  UN  organizations  and  other  institutions.  The  Asian 
Disaster  Preparedness  Center  at  the  Asian  Institute  of  Technology 
(AIT)  in  Bangkok  provides  training  for  Asian  countries  in 
disaster  management. Simi  lar  programmes  are  provided  at  the 
Crainfield  Institute  of  Technology.  England  for  African 
countries.  In  Japan.  JICA  training  courses  incorporate  disaster  - 
related  activities  as  a  Disaster  Prevention  Technology  Seminar 
(held  at  the  National  Disaster  Prevention  Scientific  Technology 
Centre)  and  seminars  on  seismology  and  earthquake  engineering 
with  respect  to  earthquake  prevention  (at  the  Construction 
Research  Institute). 


(d)  The  Future  Activities  of  UNCRD 

As  a  follow-up  to  the  previously  discussed  Declaration  and 
Framework  for  Action  presented  at  the  International  Seminar  on 
Regional  Development  for  Disaster  Prevention,  the  UNCRD  Advisory 
Committee  on  Regional  Development  for  Disaster  Prevention  was 
organized  by  the  professionals  who  attended  the  Seminar,  in  order 
to  seek  ways  of  developing  and  implementing  the  abovemen t i oned 
results.  At  present,  UNCRD  is  working  on  the  following  areas' 
Preparatory  work  for  the  International  Research  and  Training 
Seminar  on  Regional  Development  for  Disaster  Prevention  which  is 
aimed  at  realizing  the  results  of  research  and  study  on  disaster 
prevention  in  the  form  of  human  resource  production; 

Groundwork  for  establishing  the  International  Center  of  Regional 
Development  for  Disaster  Prevention  where  training  courses  as 
well  as  data  bank  formulation  and  research  would  be  carried  out; 
Arrangement  for  annual  experts’  meetings  to  be  held  to  complement 
the  international  seminar  which  is  to  be  held  quarterly; 
Supporting  the  promotion  of  IDHR  in  Japan  and  the  developing 
countries; 

Cooperating  with  other  international  conferences  held  in  Japan 
which  deal  with  disaster  prevention;  and  actively  supporting  the 
training  courses  and  ongoing  research  projects  with  regard  to 
disaster  prevention. 

In  sum,  UNCRD  intends  to  positively  cooperate  with  the  Japanese 
government  and  other  developing  countries  in  the  wide  field  of 
disaster  prevention  activities. 

(5)  Postscript 

The  rapid  population  increase  and  resulting  influx  into  large 
cities  in  the  developing  countries  is  drastically  increasing  the 
risk  to  human  life  which  natural  disasters  such  as  earthquakes, 
floods, high  winds,  volcanic  eruptions,  and  the  like  constitute. 
The  consequences  of  such  natural  catastrophes  are  particularly 
serious  in  the  developing  countries  as  was  observed  in  the  case 
of  Agadir,  Morocco,  several  years  ago,  and  in  the  recent  case  of 
the  Mexico  City  earthquake,  or  the  mud  flood  disaster  caused  by 
the  eruption  of  Nevado  del  Ruiz  in  Colombia.  The  international 
response  to  such  natural  disasters  has  been  focused  primarily  on 
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relief  actions,  the  examples  of  which  were  seen  in  the  responsive 
actions  of  Japan  and  other  countries  following  the  a  bo vemen t i oned 
d i sasters. 

Nevertheless,  complete  prevention  of  disasters  would  seem 
impossible  at  present  for  the  current  state  of  science  and 
technology,  hence  it  has  become  widely  understood  that  more 

importance  must  be  attached  to  creating  a  system  which  will 

restrict  damage  and  loss  of  life  to  a  minimum  in  the  event  of  a 

disaster.  In  addition,  post-disaster  rehabilitation  and 

reconstruction  measures  are  increasingly  being  seen  as 
constituting  preventative  measures  in  the  event  of  future 
disasters.  Hence  disaster  prevention  measures  which  incorporate 
rehabilitation  and  reconstruction  are  important  tasks  for  all 
countries,  both  developing  and  developed. 

Japan  has  become  well-prepared  in  the  event  of  natural 
disasters  due  to  its  repeated  affliction  by  natural  disasters 
since  prehistoric  times.  It  is  therefore  Japan's  responsibility 
to  offer  and  to  share  its  accumulated  knowledge  of  disaster 
prevention  with  other  disaster-prone  countries,  particularly  the 
developing  countries  with  limited  resources.  This  can  be 
performed  through  the  training  of  specialists  and  the  reliable 
supply  of  essential  materials. 
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1 .  INTRODUCTION 

In  spite  of  recent  development  in  regional  seismic  risk, 
assessment,  it  is  still  far  insufficient  in  several  points. 
First,  the  disaster  aspects  or  events  considered  are  rather 
confined  in  the  structural  and  other  engineering  facilities  and 
are  treated  as  if  they  are  isolated.  Second,  most  of  the 
assessement  has  no  clearity  of  description  in  which  time  phase 
risk  evaluation  was  made.  They  are  more  or  less  "static".  Numbers 
of  published  papers  which  concern  the  time-sequential  changes  of 
earthquake  disaster  aspects  are  made  mostly  in  scenario  writing 
method  and  thus  far  conceptual  than  our  expectation.  There  are  a 
few  paper  which  study  quantitatively  the  temporal  changes  of 
damaging  or  restoring  events.  The  conducted  are,  however,  at  most 
on  earthquake  fire  spreadings  and  life-line  sytems  recoveries, 
and  comprehensive  consideration  inclusive  of  all  of  major 
processes  in  an  earthquake  ha^  never  been  made  until  now.  As  we 
have  demonstrated  in  other  papers  all  the  phenomena  in  an 
earthquake  are  seamlessly  linked  and  are  ceaselessly  changed.  Our 
desire  in  seismic  risk  assessment  is  to  estimate  such  causal  and 
dynamic  characteristics  of  earthquake  disasters  in  an  area  and  to 
connect  to  betterment  of  areal  counter  measures  against 
earthquakes. 

Desired  ways  of  developing  the  areal  seismic  risk  assessment  in 
this  point  of  view  are  to  develop  a  methodology  by  which  i) 
major  damaging  and  restoring  processes  can  be  simultaneously 
treated,  ii )descriptions  can  be  made  in  dynamical(time-dependent) 
manner  and  evaluations  are  capable  in  quantitative  manner.  Wa 
attempt  in  this  paper  to  explore  such  methodology,  through  an 
actual  evaluation  of  "seismic  effect  upon  household". 

Incidentally,  the  seismic  effects  upon  a  household  are 
innumerable  and  are  incapable  of  counting  all  of  them.  So,  an 
alternative  and  easy-capable  method  should  be  introduced.  What  we 
tried  was  to  integrate  various  effects  into  one  characteristic 
index  in  terms  of  "time-varing  household's  living  standards". 

In  this  paper,  after  a  brief  explanation  about  a  basic  framework 
of  approach,  a  provisional  methodology  for  that  objective  is 
explained  in  relation  with  existing  empirical  relations  and  field 
data.  In  the  latter  part  a  case  study  for  a  hypothetical  urban 
city  in  Japan,  with  a  population  of  1  million,  are  demonstrated. 
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2.  METHODOLOGY  AND  BACK  DATA 
1 ) Conceptual  understanding 

Disaster  aspects  in  an  significant  earthquake  changes  time- 
sequentially  from  damaging  to  restoring  processes  while  giving 
various  impacts  on  regional  society,  as  shown  schematically  in 
Fig.  1.  A  household(  equivalently  to  family  )  is  a  socially 
fundamental  unit  in  which  people  lives  their  life  as  a  minimum 
community.  In  such  a  sense  it  is  important  to  know  how  an 
earthquake  affects  upon  a  household.  But,  up  to  now  no  good  way 
is  developed  among  earthquake  engineers,  probably  because  of  the 
difficulty  and  multiplicity  in  the  problem. 

In  the  field  of  sociology  a  term  of  "Living  Standards  of 
household"  has  frequently  been  used  as  an  integrated  and 
effective  index  for  expressing  in  which  state  people  are  and  for 
sounding  the  way  of  developing  the  family  life.  According  to 
their  explanation,  it  is  composed  of  two  major  parts.  One  is  the 
essential  part  for  maintaining  the  minimal  life  of  a  family  and 
the  other  the  part  for  acquiring  the  better  life.  An  earthquake, 
if  occurred,  may  affect  both  of  the  above  elements.  But,  in 
emergency  case  as  an  earthquake  takes  place,  one  can  probably 
neglect  the  better  life  and  the  importance  would  be  more  on  the 
maintenance  of  essential  life  of  family  members.  From  this  point 
of  view  we  pay  much  attention  to  the  fundamental  lives  and 
attempt  to  measure  the  time-varing  features  of  the  fundamental 
living  standards. 

As  for  essential  needs  for  such  minimum  maintenance  of  family 
life  we  consider  four  major  factors.  They  are  physical, 
commodity,  family  and  economic  factors.  Damage  to  housing  and 
life  line  systems  are  major  items  in  the  physical  factors. 
Commodity  factor  relates  to  the  shortage  of  foods  and  other  daily 
goods.  Most  serious  items  in  family  factor  are  casualties  in  the 
members.  Among  various  components  of  economic  factor,  various 
and  extraordinary  expenses  would  be  of  primary  importance.  In 
undeerstanding  that  an  earthquake  all  of  these  factors  are  more 
or  less  suffered,  we  attempt  to  measure  them  in  quantitative  ways. 
For  that  we  should,  first  of  all,  frame  a  causal  relation  among 
the  factors.  Fig.  2  represents  a  short  scenario  adopted  in  this 
study.  It  is  as  follows;  an  earthquake,  its  severity  being 
measured  in  terms  of  the  seismic  intensity,  attacks  an  area  and, 
bring  various  damage  to  dwelling  houses,  life  line  and  other 
physical  systems,  while  accelerating  disasters  by  spreading 
fires,  which  cause  human  casualties  on  one  side  and  shortage  of 
commodities  on  the  other  side.  Shifting  from  damaging  stage  to 
restoring  stage  it  changes  from  physical  to  socio-economical 
features  as  rise  of  prices  and  extraordinary  expenses  for  medical 
care  and  housing  restoration  etc.  What  we  attempt  first  is  to 
measure  them  in  quantitative  way  and  in  a  certain  severity  of 
seimic  input,  and  second  is  to  summarize  all  of  them  into  an 
integrated  index  of  living  standards  of  the  average  household  in 
the  suffered  area. 
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2)  Quantitaive  evaluation  of  various  factors 

a) Seismic  intensity  distribution  in  an  area 

A  simple  assumption  is  introduced  that  seismic  intensity 
distribution  in  an  area  is  mostly  controlled  by  the  ground  soil 
types  in  the  manner  as  shown  in  Fig.  3.  It  is  to  assume  that 
there  are  'm‘  soil  types  and  each  distribution  in  one  soil  type 
is  approximated  by  an  error  function  with  the  center  intensity  at 
t  Iin  +  4Ii]  and  with  the  standard  deviation  of  [  ],  and  to 

assume  that  the  total  distribution  in  an  area  is  obtained  as  a 
summation  of  those  of  all  soils.  Here,  I^n  is  the  intensity  on 
the  reference  soil.  In  the  middle  figure  a  schematic  chart  is 
illustrated  for  three  soils.  Provisional  values  are  to  be 
estimated  in  reference  with  the  field  data  as  shown  in  the  bottom 
figure.  One  example  is  ^  1=0.8  and  <*•=(). 25  for  deep  alluvial 
soil, 41=0. 4  and  A  =0.25  for  thin  alluvial  soil  in  regard  with  the 
reference  diluvial  soil. 

b) Temporal  characteristics  of  damaging  and  restoring  processes 

Preceeded  to  the  evaluation  details  of  various  factors  it  seems 
necessary  to  make  clear  the  time-dependent  characteristics  of 
earthquake  disasters  and  impacts.  As  has  been  known  well,  most  of 
the  physical  damages  as  to  dwelling  houses  and  life  line  systems 
occur  during  seismic  shaking  or  immediately  after  an  quake  and 
primary  casualties  follow,  and  continuously  fire  breaks  may  occur 
to  spreading  and  to  secondary  casualties.  Shortage  of  daily 
commodities,  rise  of  prices  and  income  cut  etc  are  late  coming 
ones.  The  latest  impact  is,  within  the  scope  of  this  study,  the 
effect  on  the  household  economy.  Time-dependent  characteristic  of 
all  of  them  are  briefly  approximated  by  a  simple  curve  starting 
from  zero  at  a  certain  time  delay  from  the  earthquake  occurrence, 
increasing  toward  the  maximum  value  and  decreasing  toward  zero 
gradually.  From  this  consideration  we  assume  the  functional  forms 
as  shown  in  Fig.  4.  The  upper  one  is  an  equation  for  momentary 
damaging(  or  impacting  )  rates  and  the  lower  one  for  cumulative 
rates.  Corresponding  curves  are  also  in  the  figure.  The 
constants,  the  delay  time  and  the  time  toward  the  maximum(  in 
momentary  equation  )  are  adjusted  in  reference  with  the  empirical 
data. 

Also,  we  adopt  the  similar  equations  for  restoring(  or  recovering 
)  processes  in  general.  The  significant  difference  from  the 
damaging  processes  is  the  more  importance  of  the  delay  time  in 
the  restoring  processes.  It  is  a  matter  of  special  mentioning 
that  the  delay  time  and  consequently  the  time  toward  the  maximum 
are  heavily  correlated  with  the  disaster  features  as  larger  in 
severer  situation.  Time-dependent  characteristics  of  each  factor 
will  be  estimated  in  view  of  these  general  trends  in  damagng  and 
restoring  processes. 

c) Evaluation  of  physical  factor 

Considered  items  in  this  factor  are  damages  to  dwelling  houses( 
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inclusive  of  household,  contents  )  and  life  line  systems, 
earthquake  fires  and  so  forth. 


Dwellinq  houses  We  introduce  a  drastic  simplication  that  the 
vulnerability  characteristic  of  a  house  is,  in  relation  of 
earthquake  motions  expressed  in  terms  of  seismic  intensity,  1, 
approximated  by  an  error  distribution  function  as 


F  (  I;  Sq,  ^ 
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where  F  measures  the  severity  of  structural  damage  from  'no 
damage'!  F  =  0.0  )  to  'collapse'!  F  =  1.0  ),  and  SQ  the 
structural  strength  at  which  F  becomes  0.5 (  moderate  damage  )  and 
the  nonuniformity  of  a  structure  by  which  the  ductility 
characteristic  would  be  evaluated.  Since  the  most  popular  houses 
in  Japan  are  of  wooden  frame  and  detached  type,  no  other 
structural  types  are  considered  for  simplicity.  Based  on  the 
vulnerability  curves  in  Fig.  5#  Nos.  of  houses  in  classified 
damage  levels  can  be  estimated  under  a  given  seismic  intensity 
distribution,  by  defining  that  collapse  for  1.0>F>0.8,  heavy 
damage  for  0.8>F>0.4,  partial  damage  for  0.4>F>0.2  and  no  damage 
for  0.2>F.  No  significant  time  delay  is  necessary  to  be 
introduced.  The  time  toward  the  maximum  would  be  enough  at  most  1 
to  3  min. 


The  restoration  details  seem  more  complicated.  According  to  our 
field  survey!  See  Fig.  6  )  the  delay  and  associated 
characteristic  times  are  closely  related  with  damage  details  such 
as  the  degree  of  damage  and  the  total  number  of  damaged  houses  in 
an  area  and  etc,  as  being  delayed  in  concordance  to  the  severity 
of  damage  total  in  the  area.  Parameters  controlling  such  delay 
should  be  incorporated  in  equations  for  restoring  processes. 

Life  line  systems  Consider^  are  interruption  rates  of 
Electricity,  Water  and  City  Gas  supply  systems.  In  this  paper  a 
rough  translation  of  observed  damaging  rates  of  system  itself  to 
interruption  rates  of  household  is  made.  Fig.  7  shows  a  result  of 
such  translation.  An  inequality  relation  of  Gas  >  Water  > 
Electricity  in  the  vulnerability  characteristic  seems  plausible. 
Actual  estimation  of  the  interruption  rates  of  the  life  line 
systems  is  to  be  made  in  corporation  with  the  derived  intensity 
distribution  in  the  area.  Damage  to  life  line  systems  occur 
almost  instantly.  In  contrast,  the  restoring  processes  are  rather 
complicated.  The  delay  and  associated  times  toward  the  maximum 
are  longest  in  Gas,  medium  in  Water  and  shortest  in  Electricity 
and  in  1  to  several  weeks.  A  field  data  from  Sendai  city!  I  JMA  : 
5.0  or  higher  )  in  1978  Miyagi-ken-oki,  north-eastern  Japan,  is 
refered  in  Fig.  8. 

Earthquake  fires  If  fires  follow  an  earthquake  the  damaging 
processes  change  to  the  most  serious  and  complicated  ones  in 
Japan.  An  empirical  equation  to  describe  No.  of  burnt  houses 
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B  =  0.0001  x  H2  x  (  f  /  fm  )a 


is  used.  Hence  B  and  H  are  Nos.  of  burnt  and  collapsed  houses, 
and  f  and  are  population  densities  of  the  suffered  area  and  of 
the  nationwide  area  respectively.  The  exponent  'a'  is  between  1/3 
-  1/1.5  depending  on  several  conditions.  The  delay  and  associated 
times  seem  to  change  from  several  min.  to  several  hrs  in  relation 
with  damaged  area  size  and  meteorological  and  other  conditions. 
,  Pig.  9  is  rare  data  in  1923  Kanto  earthquake  in  Japan  which  shows 
a  distribution  of  times  until  fire  breaks.  Restorations  of  burnt 
houses  can  be  dealt  similarly  with  those  of  collapsed  houses. 

d)  Evaluation  of  family  factor 

One  of  the  most  serious  earthquake  disaster  is  doubtlessly  to 
find  injured  and/or  killed  people  in  a  family.  Considered  from 
this  point  are  casualty  occurrence  and  recovery  by  medical  cares. 

Casualty  occurrence  There  are  various  empirical  equations 
describing  casualty  occurrences  in  Japan.  No.  of  deaths  in 
collapsed  houses  is 

D  =  (  1/30  -  1/100)  x  H 

known  as  for  an  approximate  estimation.  Scatter  of  coefficients 
is  mostly  due  to  the  various  situation  under  which  an  earthquake 
attacks,  no.  of  deaths  in  collapses  and  spreading  fires  is 
evaluated  as 

D  =  0.5  x  h0*62  x  B0-34. 

Most  simple  relation  of  injuries  vs.  deaths  is 

D  *  (  1  -  1/100  )  x  W. 

Hence  D,  w,  H  and  B  are  Nos.  of  deaths,  injuries,  collapsed  and 
burnt  houses  respectively. 

As  for  time  dependency  of  casualty  occurrence  there  are  two 
aspects.  One  is  the  primary  casualty  due  to  structural  and  other 
mechanical  damages.  In  this  case  casualties  may  occur  almost 
instantly,  although  the  time  toward  the  maximum  seems  slightly 
longer  than  that  of  structural  damaging  process.  The  other  one  is 
that  due  to  spreading  fires.  The  secondary  casualty  occurrence 
process  may  go  in  parallel  with  that  of  fires  and  the  delay  and 
associated  times  as  well.  Fig.  10  is  a  good  example  to  see  how 
people  were  killed  in  an  earthquake  with  large  scale  spreading 
fires.  This  is  again  the  data  from  1923  Kanto  earthquake  in 
Japan. 

As  for  deaths  there  is  no  recovery  at  all  in  physical  sense.  A 
very  limited  treatment  which  can  be  done  is  to  bury  the  bodies. 
Therefore  for  a  family  in  which  one  or  more  members  were  taken 
off  there  might  be  no  remedy,  but  we  would  like  to  believe  a 
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mental  recovery  in  a  certain  length  of  time.  There  is  no  longer 
delay  time  than  several  hrs  for  medical  cares,  but  the  necessary 
periods  for  recovery  are  aware  of  1  -  2  weeks  for  light  injuries 
and  1  -  3  months  even  in  the  moderate  situation. 

e) Evaluation  of  commodity  factor 

According  to  the  field  data  in  Japan  the  damaging  details  are 
roughly  in  parallel  to  that  of  structures,  but  the  recovery  for 
resupply  of  foods  and  other  daily  goods  are  much  faster  than  in 
structural  restorations.  We  take  account  of  such  characters  into 
the  equations  for  damaging  and  recovering  process  of  commodities. 

f Evaluation  of  economic  factor 

There  are  so  many  items  which  may  affect  upon  household  economy. 
Some  are  income  cut,  rise  of  prices,  extraordinary  expenses  for 
medical  cares  and  housing  and  associated  restorations.  However, 
in  Japan  we  know  that  the  former  two  are  not  so  serious  even 
under  the  worst  situation  as  in  1  923  Kanto  earthquake.  Then  the 
latter  two  are  considered  to  be  accounted  for.  Fundamental  idea 
to  evaluate  economic  factor  is,  after  recounting  them  into 
monthly  installment  manner,  to  compare  the  extra  ordinary 
expenses  with  the  household's  average  salary. 

Medical  care  etc  For  deaths  the  expenses  for  burial  treatment 
should  be  prepared  in  the  early  stage  after  an  earthquake.  The 
cost  would  be  around  ¥500,000(  $3,300  ).  Medical  expenses  and 
associated  payment  periods  differ  depending  on  the  severity  of 
injuries(  or  diseases  ).  For  heavy  injuries  it  may  cost  around 
¥300,000(  $2,000  )  and  1-3  months,  for  light  injuries  around 
¥50,000(  $330)  and  1-2  weeks.  We  assume  at  calculation  that  the 
payments  are  to  ’-‘e  made  monthly  in  the  period  when  the  medical 
care  continues. 

Restoration  of  houses (  inclusive  of  household  contents)  Similarly 
to  the  previous  case  the  restoration  costs  and  the  necessary 
periods  are  closely  dependent  on  the  degree  of  structural  damages 
and  payment  would  be  made  by  monthly  installment  system.  It  costs 
around  ¥500,000(  $3,300  )  within  1  yr  installment  for  partial 
repair,  ¥2,000,000(  $1  3,300  )  by  monthly  installment  in  5  -  10 
yrs  and  ¥5,000,000(  $33,300  )  by  monthly  installment  in  10  -  20 
yrs.  It  is  necessary  to  keep  in  mind  that  monthly  installment  in 
long  period  is  to  be  computed  at  compound  interest.  Fig.  11 
indicates  a  case  study  in  1983  Central  Japan  Sea  earthquake  on 
how  much  they  payed  for  the  restoration  of  houses. 

3) Integration  to  fundamental  living  standards 

In  order  to  fulfill  the  major  objective  in  this  paper  we  attempt 
an  integration  of  the  above  individual  factors  into  one 
representative  index.  For  that  a  consideration  is  necessary  for 
weighting  of  all  the  evaluations  of  physical,  commodity,  family 
and  economic  factors.  But  in  the  present  no  objective  method  is 
established  nor  no  consensus  is  existing  on  how  to  weight  them. 
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So,  in  this  paper  an  apriori  assignment  for  weighting  is  made, 
which  gives  largest  weight  on  physical  factor,  then  moderate 
weight  on  family  and  economic  factors,  and  smallest  weight  on 
commodity  factor.  Consequently,  the  fundamental  living  standards! 
FLS  ]  we  define  is 


[  FLS  ]  =  1.0  -  0.3  X  [  House  ] 

-  0.1  x  [  Water  +  0.5  X  Electricity  +  Gas  ] 

-  0.05  x  [  Commodity  ] 

-  0.2  x  [  Family  ] 

-  0.2  x  [  Economy  ). 

3.  EXECUTION  OF  TEST  RUN 

A  test  run  was  made  for  a  hypothetical  urban  city  in  Japan,  in 
order  to  examine  the  validity  of  the  methodology  and  the  derived 
sets  of  equations  for  damaging  and  restoring  process  and,  if 
valid,  to  have  a  comprehensive  understanding  of  seismic  effects 
upon  a  household. 

1 )Areal  data  and  assumptions 

Natural  and  social  data  on  a  hypothetical  area  are  summarized  in 
Fig.  12.  In  Japan  urban  cities  with  a  population  larger  than  1 
million  are  around  10  in  number.  So,  the  test  run  is  for  one  of 
the  major  urban  cities  in  Japan.  Readers  are  requested  to  accept 
that,  in  order  to  avoide  useless  difficulties,  an  over¬ 
simplification  is  introduced  in  this  test  run,  as  all  the 
dwelling  houses  are  of  wooden-framed  structure  and  are 
homogeneously  distribute  in  the  whole  area,  and  no  areal 
distribution  is  considered  except  for  soils,  nor  any  effect  from 
neighbouring  areas  is  accounted  for.  Seismic  input  is  measured  in 
terms  of  JMA  intensity  with  2-3  significant  figures  and  ranges  I 
=  5.00  -  7.00. 

2 ^valuation  of  individual  factors 
a) Physical  factor 

Dwelling  houses  In  Fig.  13  time-varing  charactersitics  of 
damaging  and  restoring  processes  of  dwelling  houses  are  shown. 
The  upper  set  of  curves  are  for  momentary  numbers  of  [  collapsed 
♦  burnt  -  restored  ]  houses  and  the  lower  set  for  cumulative 
numbers.  As  is  seen  in  these  figures,  the  housing  situation  in  an 
earthquake  changes  with  the  elapsed  time  following  an  earthquake 
occurrence.  During  shaking  and  immediately  after  a  quake  the 
collapsed  houses  increase  rather  explosively  then  in  input 
intensities  higher  than  5.5  continues  to  be  burnt  out.  Two  peaks 
in  the  early  stage  in  momentary  curves  express  well  such 
temporal  variation.  Dot  ed  curves  in  the  momentary  figure  show 
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the  restoration  processes.  A  general  trend  that  the  increasing 
number  of  damaged  houses  .enlarge  the  time  necessary  for  the 
restoration  completion.  Cumulative  curves  in  the  lower  figure 
reflect  well  such  restoration  details.  Cumulative  curves  in  Fig. 
14  were  made  to  see  the  differences  depending  on  the  degree  of 
structural  damages.  Partial  or  heavy  damaged  houses  at  lj_„  *  6*° 
are  rather  small  in  number  in  comparison  with  those  at  Xj  = 
5.75.  Such  is  mostly  due  to  if  there  occur  large  scale  fire 
spreads  or  not.  The  bottom  figure  is  for  an  integration  of  all 
the  dwelling  damages.  This  was  made  adopting  a  summation  of 

Total  damage  =  [  collapsed  +  burnt  houses  ] 

+  1/2  x  [  heavily  damaged  houses  ] 

+  1/4  x  {  partially  damaged  houses  ), 

and  will  be  a  principal  part  of  evaluation  of  the  living 
standards . 

Life  line  systems  .Three  sets  of  figures  in  Figs.  15-17  are 
results  for  electricity,  water  and  gas  supply  interruption  and 
their  restoration.  The  general  tendencies  are  similar  to  those  in 
dwelling  houses,  except  that  latter  being  much  quicker.  Here,  no 
consideration  of  effects  due  to  fires  was  taken  into  account. 
Fig.  18  is  illustrated  for  integrating  the  effect  of  individual 
supply  systems.  The  adopted  relation  is 

Total  effect  *  1 12  x  [  Electricity  ]  +  [  Water  ]  +  [  Gas  ], 

which  suggests  less  effectiveness  of  the  electricity  interruption 
on  the  household. 

Casualties  Fig.  18  shows  time-varing  features  of  death 
occurrence.  ■  Deaths  are  dominant  in  spreading  fires  at  higher 
intensities  than  5,5.  In  this  figure  a  apparent  recovery  is 
considered  from  mental  point,  but  we  must  keep  in  mind  that 
physically  there  is  no  recovery  at  all.  An  example  of  summation 
procedure  at  I.  =  6.0  is  shown  in  Fig.  19  among  different 
degree  of  casualties.  The  weighting  relation  is  again 

Total  casualty  *  1/4  x  [  Light  injury  ]  +  1 /2  x  [  Heavy  injury  ] 

♦  t  death  ]. 

Commodities  and  extra  expenses  Effect  on  commodities  shown  in 
Fig.  21  waB  calculated  in  an  assumption  that  the  damaging  process 
is  in  proportion  to  that  of  dwelling  houses  but  restoring  process 
is  much  quicker.  The  lower  figures  are  for  exptra  expenses.  It  is 
well  seen  that  expenses  for  housing  restoration  are  larger  and 
continue  longer  until  several  or  more  yrs.  The  total  in  extra 
expenses  is  a  simply  summation  between  medical  care  and  housing 
restoration. 

3)  Integration  toward  the  fundamental  living  standards 


(■ 
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Living  standards  in  general  Based  on  the  previously  derived 
weighting  relation  an  integration  toward  the  time-varing 
evaluation  of  the  fundamental  living  standards  was  conducted. 
Fig.  22  is  an  example  at  intensity  6.0.  The  upper  five  curves  are 
for  physical(  housing  and  life  line  systems  ),  family  , 
commodity,  economic  factors,  and  the  lowest  curve  is  the  one 
which  we  wanted  to  arrive  at.  The  derived  living  standards  are 
interpreted  as  the  ones  for  the  average  household  in  the  suffered 
area.  Fig.  23  summarizes  the  total  features  of  the  living 
standards  in  an  input  intensity  range  of  5.0  -  7.0.  By  taking  a 
look  at  this  we  understand  easily  how  the  living  standards  in 
household  unit  changes  temporally  as  a  sharp  drop  immediately 
after  an  earthquake  and  very  slow  recovery  toward  the  prior  level 
and  as  strong  dependency  on  the  severity  of  seismic  input  as  well 
as  areal  and  social  conditions  under  which  people  live.  A 
sifnificant  gap  between  5.75  -  6.0  correlate  well  with  the 
additional  disasters  due  to  earthquake  fires.  Earthquake  fires 
become  dominant  above  6.0  in  the.  intensity.  It  seems  to  take  at 
least  a  time  length  of  several  yrs  to  regain  the  living  standards 
before  earthquake. 

Simple  parameter  analysis  A  few  sensitivity  analyses  were  made  to 
see  what  factors  affect  significantly  on  the  living  standards. 
Examined  are  the  structural  strength  of  dwelling  houses  and  the 
population  density  in  the  area.  Fig.  24  shows  the  results  for 
various  structural  strengths  in  6.0  -  6.5.  The  top  figure  is  for 
the  damaging  and  restoring  process  of  houses  in  different 
strengths  and  the  middle  one  for  the  deaths.  The  bottom  one 
illustrates  the  development  of  the  living  standards  with 
increasing  structural  strengths.  These  are  the  case  at  input 
intensity  6.0.  As  far  as  these  figures  concern  the  seismic 
reduction  seems  remarkable.  Another  case  examined  is  to  change 
the  population  density(  See  Fig.  25  ).  The  originally  adopted 
density  of  5000  persons  /  kmz  is  an  average  in  major  cities  in 
Japan.  It  was  decreased  in  this  parameter  analysis  down  to  the 
average  density,  300  persons  /  km  2 ,  of  the  whole  Japan.  There 
seems  significant  changes  in  disaster  features  below  3000  persons 
/  km  .  To  consider  that  the  parameter  of  population  density  is 
employed  as  a  good  substitute  for  the  concentration  rate  of 
dwelling  houses,  one  can  understand  that  seismic  reduction  with 
decreasing  densities  results  from  lesser  probability  of  fire 
spreads  in  an  earthquake. ' In  Japan  this  would  be  very  important, 
because  many  of  dwelling  houses  are  wooden-made.  From  this  kind 
of  analysis  we  may  explore  better  countermeasures  for 
diminishing  earthquake  disasters. 

4.  CONCLUDING  REMARKS 

In  this  paper  we  attempted  to  develop  a  way  of  describing 
in  the  time  domain  the  damaging  and  restoring  processes  in  an 
earthquake,  paying  a  special  attention  to  disclose  the  seismic 
effect  upbn  household.  The  obtained  results  and  the  issues  that 
follow  are  summarized. 
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1.  Time-varing  characteristics  of  the  fundamental  living 
standards  of  household  was  evaluated  in  simultaneous 
consideration  of  damaging  and ' restoring  processes.  Results  that 
seismic  impacts  on  household  continue  longer  than  several  yrs 
suggest  the  necessity  of  paying  more  attention  to  socio-economic 
aspects  of  earthquake  disasters.  Estimation  of  areal  activity 
standards  might  be  an  important  problem  to  be  made  in  the  next. 


2.  A  case  study  in  this  papers  is  for  Japan.  Similar  but  more 
advanced  test  runs  are  recommemded  to  be  performed  in  every 
earthquake  country,  since  disaster  sequences  after  an  earthquake 
are  different  from  Japan  and  since  we  believe  that  understanding 
of  seismic  effects  in  this  approach  will  be  sure  to  give  fresh 
ideas  for  earthquake  disaster  reduction  policies. 

3.  Methodology  introduced  here  is  so  simple  that  more  development 
is  necessary.  One  probable  way  is  to  revise  this  so  as  to  fit  for 
"  Urban  System  Dynamics  ",  primarily  proposed  by  Forester  of  MIT. 
Another  importance  is  to  conduct  long-term  field  surveys  as  well 
as  immediate  reconnaissances  in  suffered  areas  due  to  an 
earthquake . 


Finally,  I  would  likt  to  express  my  sincere  thanks  to  the  members 
of  the  Chair  for  Engineering  Seismology  and  Earthquake  Disaster 
Prevention  Planning,  Dept,  of  Architectural  Engineering,  Hokkaido 
University,  Japan,  who  assisted  me  very  much  in  the  course  of 
this  study. 
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Fig.  1  Schematic  diagram  showing  seismic  effects  on  a  region. 


Fig.  2  Controlling  factors  on  household's  living  standards  and 
their  causal  relation. 
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Fig.  5  Vulnerability  function  of  wooden  structure  (other 
structural  types  are  referred  for  comparison). 
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Fig.  6  Field  data  showing  restoring  processes  of  dwelling 
houses. 
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Eq  5  10  15  20  25  30 days 


Fig.  S  Field  data  showing  restoring  processes  of  life  line 
systems. 


Fig.  9  Field  data  showing  fire  breaks  by  different  sources. 


Fig.  10  Field  data  showing  tiwe-varing  occurrence  of  deaths  in 
an  earthquake  with  large  scale  fires. 
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Fig.  11  Field  data  showing  monetary  balance  in  regard  with 
restoration  of  dwelling  houses. 


Hypothetical  Area 

Medium-size  urban  city 
Population  *  I  x  tO6 
No.of  household  *  200  x  I O3 
Density  »  5  x  I03 persons/ km2 

Soil  condition 
Diluvial  zone  «  30% 

Alluvial  zone  *  30% 

Thick  alluvial  +  reclaimed  zone  •  40  % 

Dwelling  houses 

Wooden-  framed  structure  with  average  strength  So  ■  6.0 
Seismic  input 

5.0  — 7.0  (JMA  Intensity) 


Fig.  12  Natural  and  social  data  of  a  hypothetical  urban  area. 
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3  Tlme-varlng  features  of  dwelling  houses  from  collapsing 
and  burning  to  restoring  (momentary  and  cumulative). 
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4  A  summation  of  damaging  and  restoring  processes  of 
dwelling  houses. 
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Fig.  17  Tlme-varing  features  of  life  line  systems  (gas) 
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18  A  summation  of  damaging  and  restoring  processes  of  life 
line  systems. 
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ABSTRACT 


The  paper  deals  with  the  following  aspects: 

-  the  seismicity  of  the  territory  and  the  overall  ef¬ 
fects  of  past  strong  motions  that  affected  rural  areas; 

-  the  structure  of  population  and  rural  settlements 
subjected  to  seismic  risk; 

-  types  and  classification  of  traditional  rural  struc¬ 
tures  in  seismic  areas; 

-  intuitive  aseismic  protection,  design  and  rehabili¬ 
tation  -  strengthening  measures  for  rural  structures; 

-  statistical  aspects  on  the  losses  during  earthquakes 
in  rural  construction; 

-  the  specific  earthquake  behaviour  of  various  types 
of  rural  structures; 

-  aseismic  planning  and  rehabilitation  procedures  and 
measures  used  in  rural  areas  of  our  country  during  the  con¬ 
tinuous  urbanization; 

-  technical  and  economical  aspects  of  the  aseismic 
protection  referring  to  rural  areas; 

-  conclusions. 


1.  INTRODUCTION 

The  Thirteenth  Regional  Seminar  on  Earthquake  Engi¬ 
neering  organized  by  the  Turkish  National  Committee  forEarth- 
quake  Engineering,  sponsored  by  the  European  Association  of 
Earthquake  Engineering  provided  the  opportunity  of  attending 
the  special  session  of  the  \Hforking  group  of  the  Association 
on  "Contemporary  Rural  Buildings  in  Seismic  Zones"  dealing 
with  "Low  Cost  Rural  Housing  in  Seismic  Areas". 

The  presence  of  this  subject  on  the  agenda  of  the  Eu  - 
ropean  Association  underlines  the  importance  of  this  problem 
for  the  countries  with  large  rural  zones  out  of  the  seismic 
zones  on  the  earth. 

The  South-East  European  and  Mediteranean  areas  pro¬ 
vides  specific  examples  for  the  state-of-the-art  and  the  pos¬ 
sible  measures  for  the  mitigation  of  the  seismic  risk  for 
several  rural  houses. 

The  present  state-of-the-art  of  rural  housing  i  n 
Romania  connected  with  the  severe  seismicity  of  the  ground 

IT  Scientific  Researcher,  Building  Research  Institute-INCERC 
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provides  the  information  necessary  fot  the  mutual  exchange 
of  data  in  the  frame  of  the  Working  Group  and  of  the  Regi¬ 
onal  Seminar  that  is  held  in  Istanbul/,  in  September  14-24, 
1987. 


Several  questions  are  being  raised  and  the  answers 
given  by  the  paper  or  by  the  discussions  of  the  working  group 
are  as  follows: 

-  what  does  the, low  cost  housing"  mean  and  what  are  the  causes 
that  generate,  at  present,  the  building  of  low-cost  rural 
housing  and  what  is  the  state-of-the-art  in  Romania? 

-  what  are  the  minimum  cost  price  levels  for  the  types  o  f 
structures  and  what  are  their  correlations  with  the  strength 
level  of  the  rural  houses  during  an  earthquake? 

-  what  are  the  materials  and  traditional  and  modern  building 
technologies  available  in  the  rural  areas  and  what  is  the 
aseismic  resistance  they  provide? 

-  what  are  the  general  social  and  economic  factors  that  in¬ 
fluence  at  present  the  development  of  rural  areas? 

-  what  is  the  nature  of  the  effects  and  what  are  the  mea  - 
sures  taken  after  the  previous  earthquakes? 

-  what  does  the  urban  planning  of  rural  areas  look  like  and 
what  is  its  correlation  with  the  type  of  house,  and  with 
the  value  and  earthquake  resistance? 

-  what  are  the  new  elements  provided  by  the  building  re¬ 
search  for  the  foregoing  problems? 


2.  GENERAL  DATA  ON  ROMANIA {Geography,  geology  and 
seismicity) 

Romania  /l/  is  located  at  the  curvature  area  of  the 
Carpathian  Mountains,  downstream  the  Danube,  in  the  areasf 
the  Black  Sea  along  the  45°  parallel,  northern  latitude  and 
has  a  balanced  distribution  of  the  relief:  in  the  South  and 
West  there  are  plains  (33%),  in  the  middle  of  the  country 
and  in  the  East  there  are  hills  and  plateau  (36%), in  the 
middle,  in  the  East  and  in  the  West  there  are  the  Carpathian 
Mountains  (31%) ,  and  in  the  East  the  Danube  Delta. 

Th§  seismicity  pf  Rpmppfp  is  related  to  many  epicen- 
tral  zones, among  which  Vrancea  subduction  zone  (at  the  Soufcr 
East  Carpathian  curvature)  is  the  most  important.  The  depth 
of  the  foci  varies  between  70-170  km,  the  motions  are  of  the 
multi-shock  type  and  have  a  large  area  of  microseismic  effects 
of  an  elliptical  shape,  elongated  on  the  NE-SW  direction  { 
(strong  earthquakes:  10. XI. 1940,  4, III. 1977),  and  a  relative 
reduced  return  period  (30-40  years) /Fig. 1/. 

The  fundamental  oscillation  periods  of  Vranceaustrong 
motions  in  the  southern  plain  are  long  (1.5-1. 8  sec.)  due  in 
the  main  to  the  deep  sedimentary  deposits.  During  the  earth¬ 
quake  of  31  august  1986  (M-6.8)  INCERC  obtained  also  strong 
motion  records  with  higher  frequencies  content.  In  all  other 
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epicentral  zones  of  the  country  the  earthquakes  are  of  the 
normal  type,  connected  to  the  intraincrustration  cracks, with 
depth  of  '5  to  30  km,  with  a  reduced  reduced  released  energy 
and  the  high  return  periods  (of  100  years)  / 2/ .  For  these 
types  of  earthquakes, short  natural  oscillation  periods  can 
be  expected, e.g.  Tulcea  Earthquake  of  13  November  1981.  It 
is  worth  mentioning  the  fact  that  half  of  the  territory  of 
the  country  may  be  subjected  to  seismic  intensities  of  mi¬ 
nimum  VII  MSK  (MM) ,  the  most  important  zone  being  the 
S-E  zone.  The  seismicity  degree  of  VI  requires  important  a- 
seismic  constructive  measures,  too  /2/.  The  geography,  geo  - 
logy  and  seismicity  strongly  influence  the  construction  types 
designed  and  built  by  people  in  various  zones  of  the  country. 
Localities  and  inhabitants  from  the  rural  area  of  Romania  are 
exposed  to  risk  due  to  the  foregoing  natural  hazards.  Addi  - 
tionally,  the  present  state  of  these  elements  and  the  impli¬ 
cations  of  the  environment,  social  and  economical,  demogra  - 
phic,  historical  and  political  factors  are  complex  and  re  - 
quire  a  through  analysis. 


3.  RURAL  POPULATION  OF  ROMANIA 

Romania  has  a  population  of  22,624,505  inhabitants 
(1984)  and  a  surface  of  237,500  km,  including  237towns  on¬ 
ly  of  which  56  minicipalities ,  2; 705  communes  including  135 
suburban  communes  and  13,123  villages.  As  compared  with  the 
year  1948  the  population  of  the  country  increased  with  almost 
7  million  inhabitants  /3/.  At  present  49.2%  of  the  whole  po¬ 
pulation  live  in  municipalities  and  towns,  3.1%  ih  suburban 
communes  and  47.8%  in  communes. 

The  population  density  represents  at  present  an  ave  - 
rage  of  95.3%  inhabitants /km2  (1984),  this  value  varying  bet¬ 
ween  minimum  values  of  31.5  inhabitants  per  km2 (Tulcea  county) 
and  maximum  values  of  182.9  inhabitants  per  km2  (  Prahova 
county).  Contemporary  rural  settlements  have  between  2.000 
and  4.999  inhabitants  (1.690  communes  comprising  50.9%  of 
the  rural  population)  together  with  the  localities  that  have 
between  5.000-9.999  inhabitnats  (739  communes  comprising 41.5% 
6f  the  rural  population) /3, 11/.  The  development  of  rural  set¬ 
tlements  is  controlled  by  land  planning  laws  and  regulations 
concerning  height,  layout,  position, that  are  compulsory  for 
obtaining  construction  permit 


4.  TRADITIONAL  RURAL  SETTLEMENTS  AND  STRUCTURES 

4.1.  CLASSIFICATION  AND  CHARACTERISTIC  OF  TRADITIONAL 
ROMANIAN  RURAL  SETTLEMENTS 

Rural  settlements  were  the  main  living  area  from  old 
times, especially  due  to  the  fact  that  the  soil  was  good  for 
agriculture,  for  breeding  cattle  and  for  wood  industry.  All 
these  activities  were  specific  to  the  Romanian  teritory. 
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The  varied  relief  (mountains,  hills,  plateaux,  river 
valleys,  plains,  meadows)  and  a  varied  climate  demanded  vari¬ 
ous  types  of  specific  Romanian  constructions  and  houses.  The 
economical,  geographical  and  demographical  factors  gradually 
lead  to  the  increase  of  the  density  of  localities. In  Wallachla 
although  there  were  quite  a  lot  of  fortresses,  they  were  just 
an  alternative  for  the  defense  of  the  country  against  the  e- 
nemies  and  not  a  permanent  residential  locality.  As  fer  as  vil¬ 
lages  are  concerned,  specialists  consider  that  very  important 
were  three  types  of  villages:  the  first  with  longdistanced  hou¬ 
ses,  the  second  with  houses  that  bordered  the  roads,  and  the 
third  one,  the  so-called  compact  village  with  houses  very  close 
to  each  other. 

There  Is  another  classification  for  villages,  too,ap*t-  - 
cording  to  the  area  they  are  located:  the  valley  village  and 
the  road  village. 

Each  of  these  types  were  determined  by  the  geographi¬ 
cal,  climatic  and  economic  conditions  specific  to  each  zone. 

The  scattered  village  is  specific  to  the  mountain  a- 
reas  with  isolated  and  long-distanced  houses  and  withno  stre¬ 
ets.  The  peasants  own  the  land  (the  hills,  mountains,  woods 
and  hayfields)  that  is  in  the  neighbourhood  of  their  houses 
and  another  main  concern  is  the  breeding  of  cattles ,  growing 
hay  and  cultivating  agriculture  on  a  reduced  scale ,  namely  an 
terraces.  This  type  of  village  is  widespread  in  west  and  north¬ 
west  parts  of  the  country  and  in  a  very  short  time  it  will  no 
longer  exist. 

The  dispersed  houses  villages  is  the  second  type  of 
village  and  is  specific  to  the  hill  areas.  It  has  lorg  and  ir¬ 
regular  traced  streets,  the  houses  are  bordering  the  roads 
with  a  small  cultivated  land  round  the  house  and  another ’land 
outside  the  village/5/. 

The  compact  village  has  houses  very  close  to  each  o- 
ther  and  this  tjpe  of  village  is  specific  for  the  plain  area 
but  it  may  also  be  found  in  the  hill  or  mountain  area.  The 
streets  (lanes)  network  is  irregular  and  the  houses  are  very 
close  to  each  other  because  they  try  to  save  the  agricultural 
ground  and  to  build  their  houses  on  valleys  or  near  water  -sour¬ 
ces.  Nevertheless,  the  yards  are  larger,  the  houses  have  flow¬ 
ers  and  vegetables  gardens  and  orchards/5/.  In  the  Romanian 
villages  the  house  is  separated  from  other  household  construc¬ 
tions  such  as  the  stable,  hen  coops,  granary,  store  rooms.  Hie 
houses  have  all  around  a  fence. 

As  the  Romanian  territory  was  not  very  large,  with 
maximum  dimensions  of  about  500-700  Km,  and  had  always  a  den¬ 
se  population,  the  historical,  social  and  economical  evolution 
led  to  the  foundation  of  camercial  or  military  localities  that 
were  relatively  close  to  each  other  (at  about  100  Km)  that 
would  become  towns  in  the  time  evolution. 

i,k 

In  the  19  century  a  large  number  of  rural  localiti¬ 
es  were  developed  (especially  in  agriculture  areas,  or  on  mea- . 
dows),  streets  were  designed  and  peasants  and  free  handicraft- 
men  were  appropriated  land  to.  Later  on,  several  localities  on 
this  type  become  important  local  towns  (e.g.  Alexandria  town  in 
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tne  Danube  plain) . 

In  tne  modern  development  of  rural  areas  the  most 
impact  elements  are  the  historical  and  political  events: 

-  the  land  reforms  of  1864  and  1921; 

-  the  development  of  industry  after  1878; 

-  the  development  of  modern  capitalist  industry (1920- 
1938); 

-  land  reform  of  1945; 

-  industry  nationalization  (1948) ; 

-  agricultural  cooperativization, started  after 
1950. 

These  events  led  gradually  to  the  foundation  of  new 
rural  localities,  especially  in  the  plain  area,  to  the  in¬ 
crease  of  the  economical  power  of  the  peasants , provided  new 
building  materials  and  caused  the  migration  of  the  manpower 
to  towns. 

The  strongest  impact  on  the  rural  area  started  after 
1944  and  later  on  in  1965  when  Romania  changed  its  statute 
from  an  eminently  agricultural  country  (80%  of  the  whole 
population  lived  in  rural  area  areas  in  1930)  to  that  of  a 
country  with  a  complex  industry  and  a  modern  agriculture. 

As  positive  effects  of  the  industrial  and  urban  plan¬ 
ning  evolution  of  rural  areas  in  Romania  one  may  remark  the 
followings: 

-  preservation  of  several  traditional  and  architec¬ 
tural  types  in  less  industrialized  zones; 

-  the  development  of  rural  localities  in  the  indus¬ 
trialized  zones  where  running  shuttle  service  was  possible; 

-  people  migration  to  urban  areas  took  place  at  the 
same  time  with  the  building  of  residential  houses  in  those 
towns, trying  to  avoid  the  occurrence  of  temporary  buildings 
as  it  had  happened  between  the  two  world  wars. 

In  the  Romanian  rural  zones,  the  term  of  "low-cost 
rural  housing"  is  tightly  connected  to  the  available  low- 
cost  materials  in  the  area  and  used  by  the  majority  of  people 
as  traditional  building  materials.  Only  the  rich  used  to 
build  their  houses  using  building  materials  and  technologies 
that  were  not  specific  to  the  respective  zone  (for  example 
burnt  brickB,  stone  a.s.o.j. 

In  the  suburban  zones  the  term  of  low-cost  rural  hous- 
sing  is  closer  to  its  economic  meaning  because  the  workers 
coming  up  to  town,  having  low  income  and  no  local  tradition, 
needed  a  shelter  no  matter  what  living  conditions  they  were 
provided  with. 

Some  of  the  building  technologies  were  taken  from  the 
rural  zones  but  the  shortage  of  materials  led  to  the  use  of 
the  less  difficult  to  be  found  building  technologies  (such  as 
the  common  earth  instead  of  clay) . 
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Nowadays,  in  the  urban  zones  such  types  of  buildings 
are  no  longer  of  present  interest  because  of  the  state  control 
and  the  reconstruction  of  the  peripherical  zones. 

In  the  rural  zone  ,  due  to  the  increase  of  the  inhabi¬ 
tants'  income,  both  the  traditional  materials  and  the  modern 
ones  have  been  used. 

4.  TYPES,  CLASSIFICATION  AND  DESCRIPTION  OF  TRADITIO¬ 
NAL  STRUCTURES  AND  MATERIALS  FOR  RURAL  BUILDINGS 
IN  ROMANIA 

A.  Timber  structures  (block  structures) 

Foundation:  -  thick  wooden  beams  under  external  and 
main  transversal  walls  and  stone  boulders  below. 

Walls:  -  horizontal  wooden  beams  or  planks;  keys 
at  half  section,  nut  and  father  or  dowel  joints;  v 
walls  are  sometimes  plastered  for  protection. 

Floors:  -  collar,  main  and  secondary  beams,  celling. 

Roof:  -  wooden  structure  with  round  wood,  in  2  -  4 
slopes,  rafters  and  purlins  joined  with  superior 
collar  beams;  cantilever  eaves;  roofing  with  wooden 
tiles,  straws  or  reed. 

Layout:  -  rectangle,  symetrical  for  single  story 
houses;  asymetrical  for  two  storied  houses  when 
first  floor  is  usually  with  stone  walls. 

Location:  -  mountain,  hill  and  plateau  villages. 

B.  Masonry  structures 

B.l.  Stone  Masonry 

Foundation:  stone  plates  walled  with  clay  or  lime 
mortar  or  in  dry  masonry. 

Walls:  -  walled  stone  plates  (40  -  50  cm  wall  thick¬ 
ness)  wooden  lintels;  lime  or  mud  mortar. 

Floors:  -  vaults  in  old  buildings  basement;  wooden 
floor  over  first  story. 

Roof:  -  in  2  -  4  slopes,  wooden  structure  with  rou 
round  wood  rafters  and  purlins;  cantilever  eaves; 
roofing  with  wooden  tiles,  straw,  reed,  tiles;  lo¬ 
cal  roofing  with  stone  plates  (  5  cm)  out  in  tuff a, 
limestone,  a.s.o. 

Layout:  -  rectangular,  symetrical  for  single  story 
houses;  /fig.  2/ 

Location:  -  mountain,  hill  and  plateau  villages. 

B.2.  Adobe  masonry  (unburnt  brick  masonry) 

Foundation:  -  river  stones  compacted  clay  in  a  re¬ 
duced  foundation  trench; 

Walls:  -  adobe  masonry  with  heavy  solid  unburnt 
brick  made  of  clay  with  vegetal  admixtures  (straws) 
and  clay-sand  mortar;  wooden  lintels;  clay-sand  or 
lime-sand  plastering. 
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Floors:  -  round  or  wooden  beams,  timber  or  reed  ceiling, 
plastered; 

Roof:  -  in  2-4  slopes  with  simple  structures  di¬ 
rectly  or  on  collar  beams  supported  on  walls;  can¬ 
tilever  saves;  roofing  with  straws,  reed,  tiles. 

Layout:  -  rectangular 

Location:  -  hill,  plain,  meadow  villages  in  East, 
West  and  South  of  the  country. 

B. 3 .Kiln  brick  masonry 

Foundation:  brick  or  stone  with  lime  mortar;  ba¬ 
sement  on  masonry  vaults  in  old  buildings. 

Walls:  -  masonry  in  kiln  brick  and  lime  mortar 
(clay-sand  mortar  in  poor  houses);  wooden  lintels 
or  arches  for  openings. 

Floors:  -  wooden  beams  and  timber  ceiling;  mason¬ 
ry  vaults  in  old  monumental  buildings. 

Roof:  -  in  2-4  slopes  with  wooden  structure,  with 
round  wood  rafters  and  purlins;  cantilever  eaves; 
roofing  titles,  lead  or  copper  sheets. 

Layout:  -  rectangle,  T  or  L;  1-3  stories  with 
towers,  external  stairs,  balconies. 

Location:  -  towns,  landlord  mansions,  religious 
buildings  in  XIV  -  XX  centuries  situated  mainly 
in  hill  and  plain  zones;  well  built  houses  in  vil¬ 
lages  after  1926 's. 

B.4.  Compacted  clay  structures 

Foundation:  -  30-50  cm  height  in  compacted  clay, 
compacted  river  stones  or  walled  quarry  stones; in 
foundation  trench. 

Walls:  -  solid  walls,  40-60  cm.  thickness  built 
in  wet  state  in  two  variants; 

I  variant:  -  compacted  clay  wall  made  of  clay, long 
boulders  walled  in  wet  state horizontal  thin  wood¬ 
en  beams  (tree  branches)  conne-- ctions  at  corners 
and  over  openings  added  in  order  to  increase  the 
strength; 

II  variant:  compacted  clay  wall  using  sliding  fionrs; 

-  material  with  sandy  clay  (25%  clay)  in  a  reduced 
humidity  state; 

-  30-40  cm  thickness  layers  compacted;  opening  for 
doors  and  windows  are  cut  in  dry  wall  afterwards 
by  saw; 

Floors:  -  wooden  beams,  timber  or  reed  ceiling, 
plastered; 

Roof:  -  in  2-4  slopes,  wooden  simple  structures; 
roofing  with  straws,  reed,  tiles; 

Layout:  rectangular,  symmetric; 

Location:  -  plain  and  meadow  villages  In  East,  South 
and  West  country.  There  are  villages  where  buldings 
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are  compacted  clay  structures. 

C.  Framed  wall  structures 

C.l.  Timber  frame  structures  with  Infilling  materials 
(paddle  or  trellis  work") 

Foundation:  -  sometimes  river  stone  boulders  below 
the  wooden  beams  at  the  wall  base  in  the  founda¬ 
tion  trench; 

Walls:  -  timber  frames  with  corners  columns  and 
opening  bordering  posts  as  well  as  horizontal  beams, 
sometimes  horizontal  wattled  tree  branches;  incli¬ 
ned  bracings;infilling  in  the  timber  frame  with: 
mud,  clay  brick  and  clay,  stones  and  clay  a.s.o.; 
plastering  with  clay  or  lime  sand  mortar; 

Floors:  -  wooden  collar  beams  and  main  beams  con¬ 
nected  plastered  timber  or  tree  branches  ceiling; 

Roof:  -  in  2-4  slopes;  structures  connected  with 
frames  and  collar  beams;  roofing  with  wooden  tiles, 
galvanized  sheets; 

Layout:  -  rectangle,  symmetric; 

Location:  -  plain,  hill,  mountain  villages  in  spe¬ 
cific  forms  for  South,  East,  Center  and  North-Vfest 
of  the  country. 

C.2.  Plated  timber  frame  structures 

Foundation:'-  riverstones;  wooden  beams,  at  wall  base; 

Walls:  -  timber  frames  with  corner  columns  and  o- 
pening  bordering  posts  as  well  as  horizontal  beams; 
-  external  and  internal  placing  using  inclined 
thin  planks  nailed  on  frame  followed  by  external 
and  internal  plastering. 

Floors:  -  main  and  secondary  beams,  timber  ceiling. 

Roof:  -  in  2-4  slopes  (usually  very  inclined)  u- 
sing  wooden  structure  joined  with  frames  and  supe¬ 
rior  collar  beams;  roofing  with  wooden  tiles, gal¬ 
vanized  sheets. 

Layout:  -  rectangle,  L,  T,  towards  external  stairs; 

Location:  -  hill,  mountain  villages. 

5.  LESSONS  FROM  THE  EARTHQUAKE  BEHAVIOUR  OF  TRADITIONAL 
RURAL  BUILDINGS  IN  ROMANIA 

The  development  of  structural  engineering  led  to  a  cer¬ 
tain  lack  of  interest  about  traditional  buildings.  The  beha¬ 
viour  of  some  old,  dilapidated  houses'  gave  the  false  impres¬ 
sion  that  rural  buildings  are  completely  unproper  for  seis¬ 
mic  zones.  Nevertheless;  the  comparisons  with  other  buildings 
erected  sometimes*  by  engineers  and  architects  do  not  give  us 
the  right  to  afford  this  conclusion. 
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5.1.  Behaviour  of  traditional  of  rural  structures 
during  Vrancea  1977,  1986  and -Tulcea  1981 
earthquakes 

Timber  structures  (A)  withstand  earthquakes  without 
collapse  or  major  damage.  Several  nonstructural  damage  occu- 
red  (plaster  and  chimnews  failure).  Stone  structure  (B.l) 
presented  cracks  and  partial  failure  due  to  bad  mortar  quali¬ 
ty  or  poor  workship.  Cut  stone  is  more  adequate  for  seismic 
zones.  Adobe  structures  (B.2)  presented  local  increasing  in 
old  buildings.  Masonry  structures  (B.3)  presented  damage  by 
wall  corners  and  crossings  cracking,  diagonal  cracking,  local 
failure  of  untied  walls.  The  quality  of  mortar  and  brick,  the 
overall  layout  and  conception  of  the  building  played  an  Im¬ 
portant  role.  Compacted  clay  of  structures  (B.  4) suffered  hea¬ 
vy  damage  only  by  wall  crossings  large  cracking  and  displace¬ 
ment  of  entire  panels  3  Tiding  and  collapse  of  roofs  insuf fi- 
ciently  connected  to  the  wali  a.s.o.  One  can  remark  anyway, 
enough  cases’ when  behaviour  was  better  than  masonry. This  unu¬ 
sual  damage  pattern  was  commented  in  papers  /4, 5, 7,8,10/. 
Timber  framea  tructures  with  infilling  or  timber  plated  (C. 
and  C2)  behaved  better  than  masonry.  Nonstructural  damage  By 
plaster  falling  and  lintels  cracking  were  often  observed  .The 
spatial  braced  wooden  frame  (if  the  building  age  did  not  lead 
to  weak  points)  makes  this  type  of  structure  proper  for  seis¬ 
mic  zones. 

As  a  consequence  of  this  analysis  results  the  main 
quality  of  Romanian  rural  structures  seven  in  case  of  heavy 
damage  (at  VII-VIII  USK  or  MM  intensities)  the  safe  evacua¬ 
tion  of  inhabitants  is  possible.  It  is  true  record,  if  data 
about  other  countries  are  used  for  comparison.  This  fact  is 
due  to  the  intuitive  aseismic  construction  methods  based  on 
the  historical  seismic  experience  of  the  Romanian  people/2, 

4, ‘5, 7, 10, 11,12/. 

The  architectural  and  constructive  elements  that  ensure  . 
this  essential  quality  are  as  £ollows'"/4 , 5r,  6 , 10/: 

-  reduced  dimensions  of  Romanian  rural  buildings  and 
a  relatively  simple  layout; 

-  a  relatively  light  roof,  in  2-4  slopes  having  a 
structure  well  tight  with  the  masonry  and  the  walls; 

-  the  room  floors  are  built  with  dense  beams  tightly 
connected  with  the  masonry  walls; 

-  the  height  of  only  1-2  leveU  ',  the  floor  being  maA» 
of  lighter  materials  (such  as  wood,  trellis  work); 

-  the  existence  of  a  sufficient  number  of  elements 
that  take  the  horizontal  loads  (columns,  masonry  walls,  wood¬ 
en  walls  with  corner  joints,  bracings  a.s.o.); 

-  a  relative  symmetry  of  the  building  layout  and  a 
symmetrical  distribution  of  the  doors  and  windows  openings; 

-  the  pressure  of  certain  elements  that  provide  the 
spatial  interaction:  wooden  horizontal  elements  at  corners 
in  the  earthen  walls  a.s.o.; 

-  a  relatively  large  time  interval  between  the  Vrancea 
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earthquakes  ; 

-  the  seldom  use  of  gable  walls) 

-  the  rigidity  specific  to  rural  buildings  made  of 
earth  and  masonry  that  under  the  earthquakes  with  long  vibra¬ 
tion  period  given  by  the  Vrancea  focus  did  not  lead  to  reso¬ 
nance  ; 

-  the  proper  granulometry  of  the  soil  used  in  walls 
avoiding  shrinkage  and  long-term  degradation.  For  instance 
the  analysis  of  the  earth  used  for  compacted  clay  buildings 
in  TUlcea  County  indicates  the  following  content: 

-  clay/  d<  0.005  mm  -  25  -  33% 

-  dust/  d  =  0.005  mm  -  0.05  mm  -  53  -  57% 

-  sand,  d  *  0.05  -  2,0  mm  -  10  -  20% 

This  composition  should  be  related  to  a  good  behavi¬ 
our  of  local  rural  buildings  in  that  zone. 

5.2.  Repair  and  strengthening  of  traditional  structu¬ 
res 

Masonry  structures  (B. 1. ,B. 2. ,B. 3. )  have  been  strengh- 
ned  and  repaired  by  rebuilding  of  fallen  portions/  by  mortar 
grountlng,  plating  and  jacketing  with  wire  mesh  plastered 
with  cement  mortar,  addition  of  new  horizontal  tensioned  steel 
bars  a.s.o.  Nevertheless,  the  sole  -steel  mesh  on  the  wall  si¬ 
des  can  rather  difficult  recover  the  bearing  capacity  of  the 
wall,.{there£ome-  It  is  mainly  a  method  of  repair.  The  inter¬ 
vention  may  be  considered  as  strenghening  only  if  these  ope¬ 
rations  lead  to  a  spatial  behaviour  of  structure  by  the  pro¬ 
per  connections  of  wall's,  roof  and  foundation.  These  techno¬ 
logies  requires  a  Careful  work. 

Compacted  clay  structures  (B.4.)  cannot  be  in  most  of 
tha  cases  easy  recovered  if  corner  cracking  and  displacements 
of  detached  wall  panels  are  larger  than  1-2  cm. The  jacke¬ 
ting  using  wire  mesh  and  concreting  or  cement  grout  plaste1 
ring  will  be  in  most  cases  too  expensive  as  related  to  the 
building  replacement  cost  and  the  obtained  safety.  In  speci¬ 
fic  cases,  if  considered  efficient  (having  in  mind  the  fact 
that  entire  wall  portions  remain  undamaged  after  earthquake) 
the  introduction  of  several  perimetral  tendons  over  the  lin¬ 
tels  level-  could  be  beneficial.  A  new  perimetral  basement 
socket  and  a  good  connection  of  roof  structure  to  the  walls 
could  be  a  variant  to  increase  the)  eismic  safety.  Grouting 
^should  be  considered  with  care  of  compatibility  between  ba¬ 
sic  and  added  material. 

Timber  frame  structures  (C,  and  C-)  require  sometimes 
after  shaking  new  plaster  or  infilling  repair.  For  new  struc¬ 
tures  this  operations  are  sufficient.  It  can  be  concluded  tha 
that  the  basic  requirement  for  a  nonenqine  ered  rural  building 
shoulcF  be  the  life  saffetv  of  the  inhabitant  although  the  da¬ 
mage  cannot  be  avoided /  The  -second  requi  rement  must  be  the 
possibility  to  perform  certain  repair  works  in  order  to  reco¬ 
ver  this  basic  quality.  ~~~ 

5. 3.  Comparison  of  earthquake  effects  on  rural  bidldings 
and  inhabitants  in  Romania  and  in  other  countries 


The  violence  of  the  Vrancea  earthquake  produces  always 
great  damage  but  in  a  specific  way.  Thus,  following  the  earth¬ 
quakes  of  23  and  29  XI, 182 9  (1=9  MM)  80%  of  structures  were 
damaged  but  only  3%  were  destroyed.  The  earthquake  of  1838 
produced  the  collapse  of  only  35  of  10,000  rural  buildings. 

In  Bucharest  while  other  monumental  buildings  failed.  The  earth¬ 
quake  of  10. XI.  19 40  (M  =  7.4,*  I  =  9  MM) destroyed  90-95%  of 
1,000  rural  houses  in  the  small  rural  town  Panciu  (near  Vranoea 
epicentral  zone)  but  led  only  to  22  loss  of  life.  The  earth- 
quake  of  4. III. 1977  (M  =  7.2 >  I  =  VIII  MSK)  damaged  in  Vrancea 
zone  only  5.1%  of  rural  buildings.  Only  1%  of  buildings  were 
destroyed  and  10%  damaged  in  the  South  of  Romania.  It  is  fre¬ 
quently  mentioned  the  case  of  town  Zimnicea  (on  the  Danube) , 
a  small  rural  like  town,  with  14,000  inhabitants  living  in  ru¬ 
ral  type  houses.  The  town  was  destroyed >  80%,  heavy  damage  re¬ 
presenting  20%  and  other  damage  50%. 

The  building  stock  was  not  ever  recovered  (the  town 
being  reconstructed  under  new  urban  concepts)  but  the  loss  of 
life  reached  only  4  persons.  In  the  neighbouring  town  Alexandria 
collapses  represent  3.85%,  damage  30%,  but  only  3  victims  were 
recorded.  Similar  remarks  relies  on  the  1977  earthquake  effects 
on  wood  and  clay  buildings  of  Jassy  in  N-E  of  the  country.  In 
the  Danube  plain  (Teleorman  and  Ilfov  counties)  the  bulk  of 
rural  compacted  clay,  masonry,  adobe,  paddle  work  buildings  is 
greater.  In  Teleorman  County  a  dwelling  stock  of  ca.  130,000 
dwellings,  19,900  houses  were  damaged  in  villages  (20%)  but 
14,500  of  urban  stock  (52,5%).  It  should  be  noted  that  rural 
buildings  stock  was  usually  rebuilt  in  a  faster  rhytm  than  in 
towns.  In  the  urban  stock,  buildings  of  Zimnicea  town  (destro¬ 
yed  80%)  as  well  as  those  of  Alexandria  (an  old  town, too)  were 
included.  In  Ilfov  County  the  percentage  of  4.75%  represents 
9,848  one  storey  buildings  (adobe,  brick,  compacted  clay  and 
infilled  frames) .  The  Prahova  County  (North  of  Bucharest)  the 
14.5%  rural  stock  damage  must  be  understood  related  to  the 
high  intensity  of  the  motion  (VIII  -  IX  degrees  MSK)  as  well 
as  to  the  positive  presence  of  mixed  rural  buildings  having 
the  first  story  of  stone  and  the  second  of  timber.  In  the 
Poli  County  (S-W)  the  percentage  of  30%  deunage  refers  to  the 
whole  amount  of  rural  households  receiving  insurance  indemni¬ 
ties.  - 

For  comparison  one  can  mention  the  following  cases  in 
cases  in  some  Middle  East  Countries  /4,14,15/: 

-  3,840  loss  of  life/9,232  collapses  and  heavy  damage 
in  Caldiran  Earthquake  Turkey,  24  November  1976,  in  a  promi¬ 
nent  rural  zone; 

-  60,000  loss  of  life/100,000  destroyed  buildings  in 
rural  zones  of  Iran  due  to  earthquakes  of  Buin  Zahra  (1962), 
Dasht-e-Biaz  (1969),  Qir  (1972),  Tabas  (1978),  Golbaf  (1981) 
(cumulated  effects) ; 

-  1,155  loss  of  life/3,007  destroyed  rural  buildings 
in  Erzurum  and  Kars  zones  due  to  the  earthquake  of  30tn  Novem¬ 
ber  1983  in  in  Erzurum,  Turkey. 

The  excessive  weight  of  the  flat  roof,  the  lack  of  la¬ 
teral  strength  of  adobe  walls  within  the  context  of  the  regio¬ 
nal  seismicity  are  the  main  reasons  of  these  disasters. 


is  different: 

-  35  loss  of  life/9,816  destroyed  houses  many  of  them 

of  rural  type  reported  in  Albania,  during  Montenegro  earth¬ 
quake^  April  15t  1979; 

-  94  loss  of  life/9,968  destroyed  buildings,  many  of 
them  of  rural  type  or  of  urban  type  but  with  rural  materials 
(stone,  clay,  wood,  a.s.o.),  in  Yugoslavia,  during  Montenegro 
earthquake  of  April  15c  ,  1979. 

6.  CONTEMPORARY  -RURAL  SETTLEMENTS  AND  STRUCTURES 

6.1.  RURAL  DWELLING  STOCK  EVOLUTION 

Over  5,000,000  dwelling  have  been  built  between  1951- 
-1986  in  the  whole  country,  including  2,220,000  rural  baDdings/ 
4/.  Under  this  development  oa.  80%  of  country  population  lives  now  in  a 
new  house. /10/. D0b  to  the  specific  of  local  needs,  about  91%  of  this  a- 
mount  have  been  built  with  private  funding. /4/. 

Between  1956-1960  and  1961-1965  maximum  figures  of 
550,000  dwellings  per  each  five  years  were  built,  but  in  the 
present  the  rate  is  of  70,000-80,000  dwellings  per  five  years. 
There  are  enough  localities  where  the  number  of  rooms  or  even 
of  dwellings  are  exceeding  the  demand  because  the  new  genera- 
tion  prefers  to  learn  and  then  to  work  in  urban  activities. 
However,  the  families  build  large  houses  as  for  all  members. 

In  suche  conditions,  new  buildings  are  erected  mostly  for  the 
comfort  improvement.  Another  reason  of  reduced  living  density 
in  some  villages  is  the  traditional  architecture  influence.  At 
least  from  the  last  century,  the  most  common  type  of  ruralhouse 
has  three  rooms:  one  as  bedroom  and  dinner  room,  another  -great 
too  -  for  guests  and  clothes,  and  another,  intermediate,  narrow, 
lobby,  serving  as  entrance,  kitchen,  a.s.o. 

As  a  matter  of  fact,  statistics  indicate  that  the  ra¬ 
tio  of  3  room  dwellings  exceeds  pith  50%  the  actual  similar  ra¬ 
tio?'  among  3 tate  built  apartments. 

6.2.  RURAL  INFRASTRUCTURES 

Romanian  villages  are  power  supplied  from  the 
national  power  network.  In  oil-bearing  zones  the  natural  gas' 
supply  is  usual.  Water  supply  relies  on  private  or  public  fovsi- 
tains ,  running  water  13  under  development  but  is  not  very  in¬ 
stalled. 

The  railways  represents  a  rich  network,  the  public  ro¬ 
ads  and  bridges  have  modern  structure,  the  bus  trasportation  is 
organized  by  state  companies. 

Private  cars  are  utilized  in  all  the  villages,  but  on 
rocky  mountain  roads  the  carriage  transportation  is  ing  animals 
is  more  appropriate. 

6.3.  RURAL  SUPRASTRUCTUKES 

Romanian  villages  are  organized  as  communes,  on 
a  radius  of  4-10  km  araund  the  most  developed  settlement.  The 
local  administration  belongs  to  a  Peoples  Council.  For  the  whole 
country,  the  Committee  of  Peoples  Council  acts  as  a  Ministry, 


coordinating  the  councils  activity.  Councils  administrate  an 
own  budget  integrated  in  five  years  and  yearly  plans  of  the 
country. 

At  present,  in  all  communes  there  are  at  least -a  school, 
shop*  hospital,  mail  office,  culture  house,  movie  and  library. 
Radio  sets  and  television  sets  are  used  all  over  the  country 
(3,300,000  TV  sets  in  the  country  except  Bucharest). 

6.4.  PRESENT  AND  PROSPECTIVE  PRINCIPLES  IN 
SETTLEMENTS  DEVELOPMENT  AND  PLANNING 

The  entire  social  and  economic  development  of  the 
country  is  state  planned  every  5  years. 

Starting  with  1974,  new  prospect  principles  of  an  uni¬ 
fied  and  harmonic  development  of  villages  and  towns  were  ap¬ 
plied,  in  order  to  obtain: 

-  equal  life  conditions  in  town  and  villages  ; 

full  utilization  of  local  resurces; 

-  protection  of  the  environment? 

-  reduction  of  built  areas; 

-  rational  organizing  of  transportation  network; 

-  obtaining  of  an  optimal  density  of  buildings; 

-  gradual  transformation  of  rural  settlements  in  de¬ 
veloped  towns; 

-  development  of  300-400  new  towns  as  gravity  caters 
for  villages; 

-  each  town  or  commune  should  become  a  strong  econo¬ 
mical  and  administrative  center. 

Between  1976  -  1990  will  be  erected  ca.  3,000,000  new 
dwellings  in  the  country  (2,500,000  in  urban  zone*). 

In  1979,  the  Xll-th  Congress  discussed  a  large  PRO¬ 
GRAM-DIRECTION  ON  THE  ECONOMICAL  AND  SOCIAL  DEVELOPMENT  OF 
ROMANIAN  TERITORY  BETWEEN  1981-1985,  including :- 

-  development  of  industrial  and  agricultural  produc¬ 
tion  of  each  county; 

-  increasing  the  degree  of  employement  on  local  scale; 

-  increasing  the  wealth  by  construction  of  new  social 
and  cultural  endowments. 

At  present,  a  NATIONAL  PROGRAM  FOR  LAND  PLANNING  is 
applied  for: 

-  transformation  of  140  communes  in  small  agricultu¬ 
ral-industrial  towns? 

-  increasing  of  urban  population:  54,5%  in  1985  with 
trends  towards  57-58%  in  1990; 

-  presence  of  9  urban  centers  in  each  county,  with  4  - 
6  communes  for  a  town,  with  a  radius  of  influence  of  15  -  20 
krt; 

-  erection  of  1  -  2  stories  (sometimes  4  stories) 


dwellings  in  small  towns; 

-  development  of  buildings  more  related  to  the  local 
arhitecture  pattern  using  typified  projects  and  local  materials. 

In  1984,  the  XHI-th  CongresB  established  the  erec¬ 
tion  of  750,000  dwellings  in  1986-1990,  including  50,000  ru¬ 
ral  dwellings. 

Toward?  the  years  2,000  it  is  planned  to  provide  for 
each  inhabitant  of  the  country  a  mean  living  area  of  14  sq.m, 
and  18-20  sq.m,  if  householders  facilities  are  considered. 

Recently,  in  September  1985,  the  Congress  of  Peoples 
Councils  established  new  measures  to  increase  the  density  of 
rural  buildings  using  2-3  storied;  buildings. 

According  to  the  rules  in  force,  any  further  develop¬ 
ment  of  a  settlement  will  not  exceed  the  present  local  limits. 

The  provisions  stated  in  the  building  authorization 
concerning  height,  layout,  position,  should  be  respected  by  < 
owner  and  builder. 

6.5.  CONSTRUCTION  INDUSTRY  AND  BUILDING  MATERIALS 
INDUSTRY 

A  number  of  64  building  material  factories  exist  in 
all  country  counties.  These  large  entreprises  produce  cement, 
lime,  glass,  brick,  ceramic  blocks,  concrete  blocks,  roofing 
materials,  a.s.o.  40  of  these  64  factories  produce  precast  e- 
lements.  Other  local,  small  factories  produce:  brick,  lime, 
timber  planks,  river  aggregates,  a.s.o.  In  the  mountain  or  hil¬ 
ly  zones  village  masters  produce  for  local  consumption:  hand- 
-made  brick,  lime,  timber,  woodentiles,  etc. 

The  construction  industry  works  for  state  investments 
in  large  development  projects,  urban  construction,  a.s.o. 

6.6.  RURAL  CONSTRUCTION 

Tendencies  which  axe  new  real  in  the  modern  rural  hou¬ 
sing  presents  the  following  characteristics: 

First  of  all,  one  can  mention  the  buildiggs  erected 
accordingly  to  a  design  provided  by  private  sources  or  from 
catalogues  given  to  local  councils.  This  drawing  '  are  compul- 
sory  in  order  to  obtain  the  erection  permit.  However ,  thfe  cchebk?- 
ing  points  refers  mainly  to  the  architectural  aspect,  the  mi¬ 
nimum  heigh,  distance  to  the  streets,  a.s.o.  The  structural 
detailing  remains  a  problem  of  professional  conscience,  com¬ 
petence  as  well  as  of  acceptance  or  rejection  of  some  require¬ 
ments.  As  a  matter  of  fact,  builders  make  "simpler"  detailing 
looking  too  complicate,  and  the  local  control  cannot  provide 
a  proper  quality. 

The  local  builder  perform  the  erection  works  gradually, 
first  of  all  the  structure  and  then  the  finishing  works.  One 
can  remark  the  tendency  of  the  owner  to-  spend  much  more  money 
for  modem  endowments  and  finishing  works,  although  the  cost 
control  is  almost  impossible.  However,  this  way  is  considered 
the  "cheaper”.  On  the  other  hand,  there  are  cases  when  coope¬ 
ratives  or  small  entreprises  try  to  comply  with  the  typified 
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project:,  but  the  competence  of  the  staff  is  limited,  the  con¬ 
trol  is  not  sufficient,  therefore  the  seismic  risk  increase 
in  some  cases.  This  way  is  considered  by  the  amer  could  due 
to  the  necessity  to  pay  in  advance  the  costs. 

Taking  into  account  the  coexistence  of.  both  technolo¬ 
gies  for  a  while/  the  study  of  "non-engine ered  inovations  in 
rural  construction "will  be  beneficial  for  seismic  risk  reduc- 
tion. 

ICCPDC  is  a  coordinator  of  a  selection  study  of  the 
most  representatives  traditional  rural  dwellings,  in  order 
to  provide  the  local  specific  in  catalogs. 

A  first  group  of  1,000  types  of  rural  traditional  hou¬ 
ses  will  be  published  as  an  album  to  be  used  by  the  designers 
of  typified  structures. 


6.7.  TYPES  OF  CONTEMPORARY  RURAL  STRUCTURES, 
MATERIALS  AND  TECHNOLOGIES  IN  ROMANIA 

In  the  last  decade*  new  characteristics  in  rural 
construction  occurred  mainly  due  to  the  following  reasons: 

-  the  need  to  improve  the  durability  and  fire  resis¬ 
tance,  the  comfort,  living  space  utilization  etc*' 

-  the  shortage  of  traditional  materials  and  intro¬ 
duction  of  industrial  materials; 

-  the  change  in  the  styl-  of— life,  modernization  of 
building  sector,  urban  influence  concerning  the  architec¬ 
ture  and  aspect; 

-  new  official  regulations  concerning  the  buildings 
height,  and  the  erection  permit,  use  of  typified  projects. 

Because  the  traditional  buildings  classification  al¬ 
ready  mentioned  remains  valid  we  should  point  out  only 
some  new  elements! including  the  new  technological  prob¬ 
lems,  too  /ll/.  . 

A.  a.  Timber  structures 

Foundation  ground  floor  is  often  in  stone  and  brick  ; 

fou  dation  in  stone  or  plain  concrete  or 
hollow  blocks. 

Walls,  -  similar  to  the  A  type,  sometiomes  r.c.slab 

over  basement  or  ground-  floor. 

Floors  : 

Roof:  -  galvanized  sheets  and  asbestocement  plates. 

Layout  :  -  urban  influence  in  room  distribution  ; 

balconies . 

Technology:  -  new  elements  only  for  r.c.  members. 

B. l.a.  Stone  masonry  structures 

Stone  is  used  mainly  for  ground-floor  erection  and  for 
external  plating  because  of  its  insultation  and  finishing 
qualities,  in  mountain  zones.  New  houses  include  r.c. col¬ 
lar  beams  and  floors,  balconies  and  villas  architecture. 
New  technological  elements  occurred  only  for  r.c.  menbers. 


B.2.a.  Abo be  masonry  structures 

Foundation  plain  concrete,  raw  stone,  concrete  hollow 
blocks . 

Walls:'  -wire  mesh  nailed  on  walls  sides  for  plaster 

durability. 

Floors:  -  r.c.  collar  beams  and  linels  are  often  pro¬ 


vided. 

Roofs:  -  bitumated  sheets,  asbestocement  plates,  gal¬ 

vanized  sheets,  tiles. 

Layout  :  -  rectangle,  L.T.,  with  verand?.  . 

Technology:  -  new  elements  only  for  r.c.  menbers  and  plas¬ 
tering. 


B. 3. a. Brick, concrete  block,  ytong  block  masonry  structures 
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Foundation 

Walls: 


Floors: 

Roof : 

Layout : 
Technology : - 


plain  concrete  or  concrete  hollow  blocks, 
similar  to  B.3.  but  masonry  made  of:pressed 
brick  (factory  brick) ,  hollow  brick,  con¬ 
crete  hollow  blocks,  ytong  blocks (autoclaved 
lightweight  concrete) ,  for  2-3  storied  houses 
r.c.  columns  and  collar  beams  are  added, r.c. 
lintels. 

sometimes  r.c.  slabs  for  2-3  storied  houses 
for  roof  terrace. 

wooden  structures,  new  forms  with* r.c.  slab 
roof,  roofing  made  of  galvanized  sheets, 
tiles,  asbestocement  plates. 

L,T,  balconies  and  towers.  Fig.  5, 6, 7, 8 

new  elements  for  r.c.  members  and  masonry 
works  with  ytong  blocks  requiring  a  proper 
mortar  mixture,  wetting  of  blocks,  adequate 
bonding ,  etc . 


B.4.a.  Compacted  clay  structures 
Foundation:-  river  stone,  plain  concrete . 
similar  to  B.4. 

innovations : two  stories  compacted  clay  struc¬ 
tures  with  reinforced  concrete  slabs  and 
lintels . 

reinforced  concrete  slabs (innovative  solu¬ 
tions)  . 

wooden  structure; 

roofing  : galvanized  sheets,  tiles,  bitumated 
cartoon. 

similar  to  B.3.a.  .  .. 

as  for  reinforced  concrete  elements  (founda¬ 
tion  and  slabs) . 

sliding  forms  for  two  storied  compacted  clay 
walls. 


Walls : 


Floors: 

Roof: 


Layout: 
Technology : - 


C. a.  Timber  frame  structures 

Foundation:-  ground- floor  is  erected  in  rf^one  or  masonry 
with  plain  concrete  foundation. 

Walls:  -  finishing  works  in  stucco. 

Technology:-  new  elements  for  reinforced  concrete  el scents. 

D.  Brick  masonry  and  reinforced  concrete  frame  structures 
Foundation:-  plain  concrete  sometime^  with  reinforced  con- 

crete  perimetral  beam. 

-  reinforced  concrete  frames  or  reinforced 
concrete  scheleton  (no  moment  resisting) . 

-  masonry  bordered  by  r.c.  columns  and  collar 
beams . 

-  r.c.  precast  hollow  strips  or  monolithical 
slabs. 

-  in  2-4  slopes  or  flat  terrace,  tiles  or  gal-  . 
vanized  sheets. 

-villa  type,  duplex, 2-4  stories  in  urbanized 
centers. 

Technology :-  urban  type  for  r.c.  and  masonry  techniques, 
some  mounting  devices  are  necessary  for  2-4 
storied  houses. 

In  this  framework  we  should  point  out  that  the  use 


Walls : 

Floors : 
Roof : 
Layout: 


of  typified  projects  are  mostly  in  force  for  new  rural 
civic  center  buildings.  For  residential  buildings,  the 
land  planning  law  requirements  concerning  the  existence 
of  a  project  and  the  erection  permit  are  controlled  main¬ 
ly  in  view  of  external  aspect,  architecture,  minimum 
height  a.s.o.  In  fact  local  builders  make  "innovations" 
when  they  use  catalogue  projects  according  to  their  own 
experience,  under  the  tradition  influence..' 

7.  IMPROVEMENT  OF  EARTHQUAKE  BEHAVIOUR  OF  NEW 
TYPES  OF  RURAL  BUILDINGS  IN  ROMANIA. 

7.1. Earthquake  behaviour  of  existing  new  types  of 
rural  buildings. 

Besides  the  general  increase  in  production  cons¬ 
truction  materials  in  the  last  decades ,  rural  construc¬ 
tion  used  an  original  combination  of  local  and  modern 
materials . 

Engineered  contemporary  rural  buildings  performed 
well  daring  earthquakes  due  to  the  aseismic  conception, 
the  good  quality  of  factory  materials  and  the  state  con¬ 
trol. 


Contemporary  rural  buildings  erected  with  some 
modern  materials  but  with  without  aseismic  design  suf¬ 
fered  effects  of  recent  earthquakes.  After  Vrancea  inter¬ 
mediate  earthquake  of  4.o3.1977  and  Tulcea  shallow  earth¬ 
quake  of  13.11.1981  several  conclusions  were  evident  /2, 
4,5,11/. 


-  damage  pattern  sismilar  to  point  5.1  were  recor¬ 
ded  but  in  all  cases  at  a  more  reduced  scale; 

-  stone  masonry  structures  whose  foundation  was 
walled  with  cement  mortars  behaved  better  that  dry  stone 
masonry ; 

-  adobe  masonry  structures  (besides  the  brittleness 
of  the  material)  behaved. much  better  if  r.c.  foundation 
and  collar  beams  have  been  provided. 

The  mesh  for  plastering  improve  the  durability  and  the 
strength; 

-  brick,  concrete  blocks  and  ytong  blocks  masonry 
structures  performed  better  in  the  presence  of  concrete 
foundations  and  collar  beams.  Combination  of  heavy  and 
light-weight  materials  in  structure  must  be  properly  done; 
innovative  structural  systems  use  monolithical  beam-lintels 
as  a  second  collar  beam; 

-  compacted  clay  structures  behaved  well  if  a  hori¬ 
zontal  reinforcement  (0  6  mm  steel  bars  of  0  3-4  mm  wire, 
even  barbed  wire)  has  been  provided  in  walls .  Especially 
the  corners  reinforcement  could  provide  a  work  as  for  plain 
concrete  shear  walls.  Two  storied  compacted  clay  structu¬ 
res  with  concrete  foundation  and  reinforced  concrete  floor 
slabs  withstand  without  damage  1981  Tulcea  earthquake  (M- 
5.3); 
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-  reinforced  concrete  frame  structures  (complying 
generally  with  an  engineering  design)  should  be  carefully 
used  in  rural  settlements  controlling  the  quality  of  works 
in  order  to  avoid  damage. 

For  the  improvement  of  earthquake  behaviour  of  new 
types  of  rural  buildings,  several  research  studies  were 
performed  by  INCERC. 

7.2.  INCERC  research  on  the  building  materials  and 
on  the  detailing  and  protection  of  stabilized 
earthen  buildings. 

Since  1979  research  works  have  been  performed  at 
INCERC  on  the  increased  efficient  use  of  loamy  and  sta¬ 
bilized  earthen  houses.  Based  on  these  research, technical 
recommendations  concerning  the  following  materials  used 
for  rural  houses  and  agrozootechnical  constructions  have 
been  drawn  up.  In  1982  experiments  were  performed  on: 

1.  New  materials  for  soil  stabilizing  using  local 
materials; 

2.  New  reinforcing  methods  for  corners  and  wall 
crossings; 

3.  New  solutions  for  plastering  the  walls. 

During  the  experiments,  the  earth  was  used  from  the 
outskirts  of  Bucharest  having  the  following  compositions: 

a)  -clay  (  d  -  0.005  mm)  =  47% 

-dust  (  d  *  0.005-0.05  mm)  =  49% 

-sand  (  d  =  0.5  -  2  mm)  =4%  - 

-density  =  2650  kgm 

b) -clay  =  43% 

-dust  =  45% 

-sand  =12%  3 

-density  =  2650  kg/ni 

.Five  formulae  including  different  stabilizers  were 
experimented  according  to  table  I.  The  compression  strngth 
were  determined  on  cubes  of  14  cm  for  the  A.B.C.  and  D 
solutions  and  on  cubes  of  20  cm  for  the  E  solution.  Fig .4 
gives  the  tests  results.  In  can  be  stated  that  the  A  for¬ 
mula  provides  the  best  results  Formulae  C  and  D  have  led 
to  penetrating  cracks  in  the  built  wall  samples. 

„  .Wall  sections  and  intersections  wore  experimented 
by  reproducing  parts  of  a  building,  window  opening  a.s.o. 
The  followings  have  been  used: 

-  wooden  formworks  (h=70  cm,  width  25  and  35  cm) ; 

-  steel  walking  formworks  (adopted  from  the  indus¬ 
trial  construction  technology) . 

Inside  the  steel  walking  formworks  earth  layers (pre¬ 
pared  according  to  the  formulae  included  in  table  I)  of 
12-14  cm  were  laid  by  compaction  up  to  thickness  of  6-7  cm 
and  the  height  of  1  m  daily  and  let  to  dry  after  removing 
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tne  walking  formwork.  Structural  and  reinforcing  details 
of  corners  and  crossings  are  presented  in  Fig. 3.  The  met¬ 
hod  based  on  steel  walking  formworks  has  been  proved  to 
be  more  rapid,  but  it  requires  large  investments  for  its 
application  in  rural  areas. 

.  The.  following  finishing  solutions  were  experimen¬ 
ted  by  plastering  (2  cm  thichness) : 

*  On  clayey  soils  with  sand  admiytures: 

-  mortar  plastering  of  cement- sard- lime  (1:3:0. 3) 
on  a  galvanized  wire  mesh  hammered  with  nails; 

-  similar  plasterings  (ratio  1:2: 5:0. 3)  on  a  ho¬ 
rizontal  reed  support  hammered  in  nails  on  a  galvanized 
wire  mesh; 

-  similar  plasterings  on  a  support  made  of  brick 
pieces  inserted  in  clay  mortar; 

-  plasterings  made  of  gypsum-cement- sand  and 
chemical  agents  (GIF  type-INCERC  patent) . 

*  On  clayey  soils  with  admixtures  of  sand  and  fly 
ash  interior  plastering  made  of  clay  and  sand  and  then 
painted  with  hydrated  lime  (12)  has  been  applied. 

After  three  years,  of  specimens  exposure  the  fol¬ 
lowings  could  be  stated: 

-  the  plastered  zones  behave  very  well; 

-  the  unprotected  zones  are  eroded  due  to  the 
atmospheric  agents  (rain,  frost  and  thaw) ; 

-  plasterings  performed  on  a  reed  support  have  a 
proper  adherence  (7-8  daN/cm2) ; 

-  plasterings  on  brick  pieces  have  a  higher  ad¬ 
herence  (8-10  daN/cm2)  confirming  the  intuitive  use  of 
that  technique  in  the  rural  area; 

-  the  interior  clay  mortar  plasterings  applied 
on  earthen  walls  confer  a  "warm"  sensation  as  compared 
with  the  plasteringB  made  of  lime  and  cement. 

The  XNCERC  results  are  compared  with  data  provided 
by  the  papers  /18,.19/  and  show  the  followings: 

-  the  obtained  strength  is  satisfactory,  The  com¬ 
position  of  the  earth  used  is  very  important  and  if  the 
clay  quantity  is  too  large  contractions  and  law  resistance 
may  occur  (a  big  difference  should  be  observed  between  the 
clay  ratio  in  the  Tulcea  and  Bucharest  soils,  clearly  under¬ 
lined  by  the  behaviour  of  rural  buildings,  too) ; 

-  strength  obtained  by  stabilizing  with  cement  as 
in  Pakistan  /18/:the  natural  strength  of  earthen  cubes  is 
doubled  by  adding  5%  cement,  30  ^sand  and  14%  water; 

-  strength  obtained  by  stabilizing  with  gypsum  as 

in  Turkey  /19/  : strength  of  20-45  Kg/cnr  may  be  obtained 
by  adding  10  %  gypsum.  ' 

Table  II  shows  that  traditional  rural  low-rise 
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houses  have  a  better  behaviour  when  built  of  compacted 
earth  than  of  masonry  in  zones  of  seismic  intensities  of 
7  and  8.  A  permanent  mortar  strength  of  10-25  daN/cm  under 
rural  conditions  is  not  often  possible  while  strength  2 
given  by  the  compaction  works  (someti  mes  of  10-15  daN/cm, 
without  stabilizers)  are  very  frequently  obtained  in  the 
East  and  South  of  Romania. 

7.3.  Repair*  strengthening  methods  for  the 

rehabilitation  or  recovery  of  contemporary 
rural  buildings  made  of  earth  and  masonry. 

The  relatively  new  rural  buildings  made  of  good 
quality  materials,  even  without  specialized  technical  as¬ 
sistance,  but  provided  with  modern  facilities  (running 
water,  sewage,  power  and  finishes) ,  justify  important  in¬ 
tervention  works  aiming  to  prevent  damage  (  rehabilitation 
ot  to  recover  the  building  after  the  earthquake.  If  the 
post-seismic  damage  degree  is  not  high  the  structure  will 
present  certain  general  aseismic  qualities  for  the  respec¬ 
tive  seismic  intensity.  With  a  view  to  bring  the  building 
to  its  initial  state,  measures  should  be  applied  from 
paragraph  5.2  entitled  "repair  works". 

Contemporary  rural  buildings  that  present  a  certain 
technical  influence  show  favourable  premises  for  ensuring 
a  safety  degree  at  severe  strong  motions  (if  one  estimates 
that  during  the  rural  building  life  such  a  strong  motion 
should  be  possible) . 

The  purpose  of  the  strengthening  works  refer  to  the 
increase  of  the  structure  strength  and  its  rigidity, to  the 
increase  of  ductility  and  energy  dissipating  capacity  by 
adding  vertical  and  horizontal  reinforcement.  The  foregoing 
strengthening  wdrkS  m&jf  become  efficient  when  reinforcing 
bars  could  be  anchored  at  the  foundation  level  and  at  the 
level  of  the  collar  beam.  During  the  strengthening  works, 
when  there  are  no  collar  beams,  and  according  to  the  re¬ 
quirements,  reinforced  concrete  base-plinth  and  collar 
beams  are  to  be  cast  after  the  mechanical  anchorage  of  the 
vertical  reinforcing  bars. 

With  a  view  to  perform  the  strengthening  works  the 
followings  should  be  provided: 

-  4-8  vertical  bars  0  8-10  mm  at  corners  (ends  of 
shear  walls)  anchored  at  the  lower  and  upper  parts  by  wel¬ 
ding  or  by  screw  not  connection.  A  certain  pretensioning 
degree  is  very  useful.  From  place  to  place  the  bars  are 
connected  with  the  walls  by  means  of  hooks  in  order  to 
avoid  their  buckling  during  compression  and  are  plastered 
with  cement  mortar; 

-  strengthening  works  similar  to  those  mentioned 
at  point  5.2  thus: 

*  welded  meshes  0  4/10  cm  applied  on  both  sides  of 
the  masonry,  tied  with  hooks  that  penetrate  the  walls; 

*  mortar  injected  into  cracks  and  joints; 
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*  a  3-4  cm  thick  piaster  using  cement-sand  mortar 
(ratiol:3),  ensuring  the  joints  and  walls  cleaning  for  an 
adequate  adherence. 

The  tests  performed  by  INCERC  specialists  /13/  show 
the  efficiency  of  the  suggested  methods.  In  special  cases, 
together  with  the  foregoing  solutions,  other  solutions  of 
the  type  given  below  should  be  taken  into  consideration  as 
follows : 

-  concrete  buttresses  at  corners  or  wall  cros¬ 
sings  ; 

-  steel  profite  members  acting  as  collar  beams; 

-  framing  the  masonry  by  casting  reinforced  con¬ 
crete  columns  in  vertical  slittings,  and  casting  collar 
beams  and  base  plinth  (underpinning  and  overconcreting)  as 
well. 


For  rehabilitation  works  (pre-seismic)  similar 
strengthening  measures  should  be  used  by  introducing  mem¬ 
bers  of  the  collar  beam  and  base-plinth  types  a. s.o. whet¬ 
her  the  technical  and  economical  analysis  shows  the  ef¬ 
ficiency  of  the  respective  measures. 

8 . CONCLUSIONS 

1.  The  rural  housing  existent  in  seismic  areas  in 
Romania  are  characterized  by  a  steadiness  of  the  tradi¬ 
tional  elements  mingled  with  the  existence  of  the  modern 
building  materials  and  technologies  under  the  influence  of 
the  general  industrialization  and  the  urban  planning  of 
the  localities. 

The  knowledge  experienced  from  previous  earthquakes 
has  proved  that  although  several  deunages  and  material  los¬ 
ses.  have  been  recorded,  no  significant  life  losses  have 
been  recorded  in  the  affected  rural  zones. 

2.  The  characterization  of  rural  housing  from  the 
value  viewpoint  -  low  or  high  costjdoes  not  depend  so  much 
upon  the  inhabitant's  income,  but  also  upon  the  available 
local  materials  such  as  manual  labour,  local  and  regional 
tradition  as  well  as  the  urban  planning  degree  of  the  loca¬ 
lities.  The  value  of  the  dwelling  increases  due  both  to  the 
strength  degree  given  by  the  modern  material  and  technolo¬ 
gies  (very  often  intuitively  applied)  and  to  the  endowments 
of  the  dwelling  inside  (such  as  running  water, electricity, 
sewerage  system,  central  heating  a. s.o.). 

Another  tendency  that  has  to  be  carefully  control¬ 
led  is  that  of  the  inhabitant's  attention  to  the  finishing 
and  installation  works  instead  of  the  structural  control 
when  one  is  building  his  own  house. 

3.  The  development  of  rural  zones  is  done  at  present 
according  to  the  aproved  designs  using,  in  many  cases  struc¬ 
tures  included  in  catalogues  or  aproved  typified  projects 
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for  which  the  aseismic  protection  is  controlled.  Naturally 
a  thorough  and  competent  local  control  for  the  whole  rural 
area  is  still  difficult  to  be  achieved  at  present. 

4 .  With  a  view  to  reduce  the  seismic  risk  in  rural 
zones  a  number  of  measures  are  necessary  as  follows: 

-  the  inventary  of  old  buildings , damaged  by  the 
previous  earthquakes,  in  even  locality,  controlling  the 
strengthening  and  reconstruction  worus,  showing  the  owners 
simple  methods  but  possible  to  be  applied,  and  providing 
technical  and  material  support  according  to  the  methods 
applied  after  the  previous  earthquakes; 

-  the  analysis  of  the  building  technologies,  used 
by  the  inhabitants  tor  building  with  their  own  means, con¬ 
cerning  various  tipes  of  structures  and  materials  used  in 
different  zones  of  the  county.  It  will  be  taken  mts  ac¬ 
count  that  the  increase  in  height,  floor  number,  androcm 
dimensions  as  compared  with  the  traditional  house  will 
have  direct  consequence  on  the  spatial  behaviour  of  rural 
buildings; 

-  the  adequate  application  of  principles  and  mea¬ 
sures  included  in  the  official  regulations  concerning 
the  rural  planning  and  taking  into  account  the  positive 
local  experience  and  conclusions  on  the  effects  of  the 
previous  earthquakes; 

-  the  aseismic  education  in  zones  where  people 
built  on  a  large  scale  using  their  own  means  in  order  to 
avoid  the  incorrect  usage  of  new  industrial  materials  and 
the  unadequate  material  mixtures  and  to  pay  the  adequate 
attention  to  the  aseismic  resistance  according  to  the 
modern  knowledge  in  the  field; 


-  the  performance  of  sociological  study  in  order  to 
establish  to  what  extent  the  typified  rural  catalogue 
buildings  fulfil  the  requirements  of  the  customers  and 
ensure,  according  to  the  seismic  risk  mitigation  necesi 
sities,  the  reneuring  of  the  housing  stock  in  seismic 
rural  zones. 
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Fig.2.  Stone  and  timber  rurot  traditional  bu'lding. 
The  light  material  i»  used  tor  upper  story- 
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Table  n 


Correlation  of  building  height,  brick  and  mortar  marks  in 
seismic  zones  according  to  Romanian  code  P2-85 
for  masonry  buildings 


Building 

height 

H 

No.  of  stories 

Seisnjic  zoriing(MSK) 

6 _ 

_ z _ _ 

8 

9 

Brick 

mark 

Mortar 

mark 

Brick 

mark 

Mortar 

mark 

Brick 

mark 

Mortar 

mark 

Brick 

mortar 

Mortar 

mark 

H  <  4m 

1 

50 

10 

50 

10 

50 

25 

75 

50 

4  -9 m 

3 

75 

25 

75 

25 

75 

50 

100 

50 

9- 12m 

4 

75 

25 

100 

25 

100 

50 

- 

- 

12  -  15m 

5 

100 

25 

100 

50 

- 

- 

- 

- 

NOTE;  marks  are  given  in  daN/cm^ 


Fig.  4.  Increase  of  cube  strenghth  of  stabilized  soil 
samples  for  different  stabilizers  and 
admixture  ratio 

(Building  Research  Institute  Bucharest, 
Romania,  1982} 


Fig. 5.  -  Contemporary  rural  building 
before  finishing  works. 

Walls :ytong  blocks  framed  by  cast  in 
place  r.c.  columns  lintels  and  slabs. 
Stone  foundation. 3  stories . Upper  story 
in  timber .Seismic  zone: VIII  degrees 
MSK. Stone  and  timber  available  in  the 
region. Materials  and  workmanship  quality: 
medium. 


Fig. 6.  Contemporary  rural  building  before 
finishing  works. 

Wall8:kiln  brick  masonry. R.C.  slabs  and 
lintels.  Stone  foundation. 3  stories. 
Materials  and  workmanship  quality:  very 
good. Seismic  zonetVIXl  degrees  MSK. 


Fig. 7.  Contemporary  rural  building  during 
construction  works. 

Walls :ytong  blocks  framed  by  cast  in  place 
r.c.  columns, collar  beMM,  lintels.  Stone 
loundat ion .  Seismic  zone:VIII  degrees  MSK. 
Upper  story  in  timber.  Materials  and  work¬ 
manship  quality: very  good. 


Fig. 8.  Contemporary  rural  building :bef ore 
finishing  works.  Walls : concrete  hollow 
blocks  (1  st.  story) ,  ytong  blocks  l2nd 
story)  and  timber  (3rc*  story)  .  Masonry  framed 
by  cast  in  place  r.c.  columns,  collar  beams- 
lintels,  slabs.  Stone  foundation. Seismic  zone 
VIII  degrees  MSK.  Materials  and  workmanship 
quality: very  good. 


Contemporary  rural  buiWing 
after  finishing  works.  First 
story  in  masonry,  second  story 
in  timber.  Seismic  zone:  vlli 
degrees  MSK. 


Fig.  li.  Contemporary  three  storied  rural 
building  after  finishing  works. 
Upper  story  in  timber. 


Fig. 12. Nonengineer ed 
contemporary  rural 
hous-  in  ytong  bloc)® 
and  reinforced  con¬ 
crete  members. 

Note  the  r.c.  window 
beam  lintel  parallel 


to  the  collar  beam  ard  floor  slab,  acting  as  a 


frame  with  the  columns.  Foundation  is  made  of 


concrete.  Remark  new  architectural  aspect. 


Fig. 13.  Contemporary,  nonengineer ed  rural 

two  storied  brick  masonry  building 
with  embeded  r.c.  columns  and  r.c. 
slabs.  Note  the  tendency  to  use  the 
collar  beam  as  a  frame  beam  with 
positive  effectB  on  ".the  earthquake 
behaviour  {Seismic  zoning  in  7th 
degree  MSK) . 


Fig. 14.  Four  storied  standard  buildings 
for  rural  zones  using  precast 
members,  erected  by  a  specialized 
construction  compaity  near  a  city. 
Seismic  zone: VII  degrees  MSK. 
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Summary 


The  harmonization  of  national  seismic  codes  is  preceding  very  slowly. 
Results  of  research  in  structural  dynamics  are  often  inadequately  adapted 
for  practical  use.  First,  basic  rules  given  by  modern  safety  concepts  and 
earthquake  engineering  monographs  are  discussed.  Then  the  methods  for  the 
earthquake  resistant  design  are  summarized.  The  state  of  the  art  of 
harmonization  is  discussed  focusing  the  uncertainties  and  open  problems. 
Then  the  concept  of  the  new  Austrian  seismic  code  is  presented.  As  the 
degree  of  vulnerability  of  a  building  by  vibrations  is  a  central  problem, 
criteria  for  the  classification  will  be  elaborated.  Results  of  first 
sensitivity  investigations  of  design  actions  on  local  differences  between 
assumed  and  actual  stiffness  and  masses  are  given. 


1)  Head  of  department  of  Structural  Dynamics /BVFA-Vienna 

2)  Research  assistant /BVFA-Vienna 


1.  Scope 


The  methods  in  Earthquake  Engineering  (EE)  were  developed  during  the  last 
thirty  years.  Modem  computers  and  measuring  devices  are  powerful  means  for 
the  improvement  of  the  methods.  For  the  greater  part  of  all  structures 
seismic  codes  are  used  for  the  earthquake  resistant  design.  Most  national 
seismic  codes  prescribe  quasistatic  or  response  spectrum  calculations. 
Attempts  for  harmonization  of  codes  are  undertaken  but  the  progress  is  very 
slow.  Many  national  codes  sire  a  mixture  of  several  codes  resulting 
sometimes  in  unrealistic  models  and  values.  Results  of  reseach  in 
structural  dynamics  are  mainly  known  by  few  specialists  but  are  often 
inadequately  adapted  for  practical  use.  Hence,  it  is  necessary  to  elaborate 
codes  compatible  with  latest  results  of  research  and  easy  to  use  by  the 
practical  engineer. 

The  accuracy  of  structural  models  can  be  further  improved  but  many 
uncertainties  are  inherent  in  the  assumptions  of  earthquake  loads  and  local 
soil  properties.  Therefore  upper  quality  limits  for  earthquake  resistant 
designs  exist  which  cannot  be  overcome  by  a  further  improvement  of  the 
structural  model. 

After  a  great  number  of  earthquakes  damage  observations  were  carried  out  by 
international  specialists.  From  many  damages  fundamental  rules  of 
earthquake  engineering  could  be  obtained  which  are  given  in  the  literature, 
e.g./1,3/.  The  most  important  rules  concern  the  ratio  of  main  dimensions, 
permissible  differences  of  mass  and  stiffness  of  adjacent  stories  etc.  The 
earthquake  resistance  of  a  structure  can  be  significantly  increased  by  the 
consideration  of  the  fundamental  rules  during  planning  and  construction. 

Codes  should  prescribe  more  complicated  calculations  only  in  situations 
promising  an  increased  quality  of  the  earthquake  design.  The  more 
fundamental  rules  of  earthquake  resistant  design  are  considered,  the  easier 
the  calculation  should  be. 


2.  Basic  concepts  of  seismic  codes 


2.1  General  principles  on  reliability  of  structures 


During  the  last  years  an  increased  number  of  investigations  of  the 
reliability  of  structures  was  carried  out  using  probabilistic  methods.  The 
procedures  are  often  too  complicated  for  real  structures  but 
semi probabilistic  concepts  are  a  useful  basis  for  uniforr  safety 
specifications  for  civil  engineering  structures.  In  Austria  tne  code  ON0RM 
B  4040  is  prepared  which  will  be  the  future  basis  for  preparation  and 
review  of  specific  building  standards.  This  code  is  based  on  the  latest 
international  and  national  drafts  or  standards  on  reliability,  especially 
ISO  2394  and  takes  also  into  account  Eurocode  no.  1.  Hence,  codes  on  the 
reliability  of  structures  will  have  an  important  influence  on  the 
developement  of  seismic  codes. 

The  standards  on  reliability  specify  general  principles  for  the 
verification  of  reliability  of  structures  to  known  or  foreseeable  loads. 
Reliability  is  considered  in  relation  to  the  performance  of  the  structure 
throughout  its  intended  life.  The  principles  must  be  in  accordance  with 
technical  and  economic  facts. 
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It  is  important  to  recognize  that  structural  safety  is  an  overall  concept 
comprising  models  for  describing  loads,  design  rules,  safety  elements, 
workmanship,  quality  control  procedures,  maintainance  and  repair  and 
national  requirements  all  of  which  are  mutually  dependent.  This  philosophy 
is  new  and  unusual  for  the  practical  engineer.  The  concept  seems  to  be  good 
but  practical  application  is  often  not  easy.  Following  the  concept, 
modifications  of  any  one  factor  should  be  accompanied  by  a  study  of  the 
implications  involved  in  relation  to  the  overall  concept  of  safety. 

Structures  and  structural  elements  should  fulfill  the  following  performance 
requirements : 

*  they  should  withstand  all  normal  actions  imposed  upon  them  during 
their  construction  and  anticipated  use. 

*  they  should  in  general,  retain  sufficient  integrity  to  withstand  local 
failures  and  specified  accidental  events. 

*  structures  and  structural  elements  should  perform  adequately  under 
normal  use. 

Deterioration  of  material  properties  should  not  lead  to  an  unacceptable 
probability  of  failure.  Further  the  design  solutions  should  be  economical 
in  their  utilization  of  materials,  energy,  financial  resources  etc. 

The  structural  performance  of  a  whole  structure  or  part  of  it  should  be 
described  with  reference  to  a  specified  set  of  limit  states  beyond  which 
the  structure  no  longer  satisfies  the  design  requirements.  The  limit  states 
are  divided  into  the  following  two  categories: 

*  the  ultimate  limit  state  which  generally  correspond  to  the  maximum 
load  carrying  capacity  (safety  related). 

*  the  serviceability  limit  state  which  correspond  to  the  criteria 
govering  function  related  normal  use. 

The  choice  of  the  various  levels  of  reliability  should  take  into  account 
the  possible  consequences  of  failure  in  terms  of  risk  to  human  life  or 
injury,  the  potential  economic  losses  and  the  degree  of  social 
inconvenience.  According  to  the  consequences,  structures  are  often 
classified  as  follows: 

*  risk  to  life  negligible  and  economic  and/or  social  consequences  small 
or  negligible  (safety  class  1  of  draft  ONORM  B  4040). 

*  risk  to  life  exists,  economic  and/or  social  consequences  considerable 
(safety  class  2  of  draft  ONORM  B  4040). 

*  risk  to  life  great,  economic  and/or  social  consequences  very  great 
(safety  class  3  of  draft  ONORM  B  4040). 

For  any  structure  it  is  generally  necessary  to  consider  several  distinct 
design  situations.  Corresponding  to  each  of  these  design  situations,  there 
may  be  different  structural  systems,  different  reliability  requirements, 
different  design  values,  different  environmental  conditions.  Separate 
reliability  checking  is  required  for  each  design  situation  with  due  regard 
to  different  consequences  of  failure. 

The  design  situations  may  be  classified  as: 

*  persistent  situations,  having  a  duration  of  the  same  order  as  the  life 
of  the  structures. 

*  transient  situations,  having  a  shorter  duration  and  a  high  probability 
of  occurrence. 

*  accidental  situations,  normally  of  short  duration  and  low  probability 
of  occurrence. 
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The  actions  (or  loads)  are  divided  -  according  to  their  variation  in  time  - 
into: 

*  permanent  actions  which  are  likely  to  act  throughout  a  given  design 
situation  and  for  which  variations  in  magnitude  with  time  are 
negligible  in  relation  to  the  mean  value. 

*  variable  actions  which  are  unlikely  to  act  throughout  a  given  design 
situation  or  for  which  variations  in  magnitude  with  time  are  not 
monotonic  and  not  negligible  in  relation  to  the  mean  value. 

*  accidental  actions,  the  occurrence  of  which,  with  a  significant  value, 
is  unlikely  on  a  given  structure  over  the  period  of  time  under 
consideration  and  also  in  most  cases  is  of  short  duration.  The 
occurrence  of  an  accidental  action  could  in  many  cases  be  expected  to 
cause  severe  consequences  unless  special  measures  are  taken. 

For  practical  applications  e.g.  in  the  draft  5N0RM  B  4040  the  following 
condition  must  be  satisfied: 

R*  >  S#  (1) 

with  R*  . . .  design  resistance 

S*  ...  design  action  effect 

S*  is  given  by 

S*  =  L- (2) 
For  the  ulitmate  limit  state  L  is  given  by 

L  =  &  ■  6  ♦  y*a  •  Q|  ♦  'Ql*  Fex  (3 ) 

with  G  ...  permanent  actions 

Qi  . . .  most  important  of  variable  actions 
Ql  ...  additional  variable  actions,  simultaneous  with 
. .  action  -  combination  coefficient 
J5,  ...  partial  factors,  reflecting  the 

following  influences: 

*  ITs  reflects  the  uncertainties  of  the  characteristic  values  and  of 

the  stochastic  model  of  the  actions: 

reflects  the  simplifications  due  to  structural  modelling 
takes  into  account  the  influence  of  an  independent  quality 
control  on  safety 

*  is  used  to  take  into  account  the  actual  safety  class 

For  the  serviceability  limit  state  the  following  formulas  are  given: 
for  infrequent  combinations: 

L  =  6  ♦<?,■►  £  .Qi  <4> 

i>-» 

for  frequent  combinations: 

l=  ‘k.i  •«;  (5) 

i»i 

and  for  quasi  -  permanent  combinations: 

L  =  fi,i  •  Qi 

it  i 

with  ^  and  i  ...  actions  -  combination  coefficients 


(6) 


The  partial  factors  for  calculating  the  design  action  effect  and  the 
action  -  combination  coefficients  are  given  in  the  draft  (3N0RM  B  4040. 

The  design  resistance  R*  is  found  from 

R4  =  -5-  (7) 

r* 

with  R  _ characteristic  value  of  resistance 

and  -y*  ...  partial  factor  reflecting  the  uncertainties  of  the 
characteristic  values  of  the  resistance. 


2.2  Basic  statements  from  IAEE  -  Monographs 


2.2.1  Introduction 


In  earthquake  engineering  investigations  can  be  carried  out  at  different 
levels  of  accuracy.  In  principle,  for  each  dynamic  investigation  the 
modelling  of  the  excitation  and  of  the  structure  is  necessary.  The  dynamic 
response  of  a  structure  depends  strongly  on  the  layout  and  the 
construction.  The  more  regular  the  buildings  are, the  simpler  the  structural 
model  can  be  and  a  less  sophisticated  design  procedure  will  be  adequate. 

Basic  concepts  of  seismic  codes  are  given  in  /I, 2/  or  in  ISO/DIS  3010. 
Further,  for  the  countries  of  Europearl  Community  the  draft  of  Eurocode  no. 8 
was  elaborated  as  a  basis  for  the  harmonization  of  seismic  codes. 

In  part  1  of  /M  seismic  zoning  for  building  codes  is  discussed.  Seismic 
zoning  and  earthquake  parameters  are  not  discussed  in  this  paper,  detailed 
information  can  be  found  elsewhere,  e.g.  /I, 3/. 

Part  2  of  / 1  /  deals  with  the  basic  concepts  for  non  engineered 
constructions.  Most  of  the  loss  of  life  in  the  past  earthquakes  has  occured 
due  to  the  collapse  of  buildings,  constructed  in  traditional  materials  like 
stone,  brick,  adobe  and  wood,  which  were  not  particularly  engineered  to  be 
earthqua'  '  resistant.  In  view  of  the  continued  use  of  such  buildings  in 
most  countries  of  the  world,  especially  in  areas  with  low  standard  of 
living  and  heavy  earthquakes,  it  is  essential  to  introduce  earthquake 
resistance  features  in  their  construction.  Further  in  /I, 3/  basic  rules  are 
given.  The  consideration  of  these  rules  during  planning  and  construction 
will  significantly  increase  the  earthquake  resistance  of  the  structures. 

In  121  the  basic  concepts  for  engineered  constructions  are  presented.  For 
arriving  at  an  economical  solution  to  the  earthquake  protection  problem, 
the  level  of  desired  protection  must  be  specified.  While  theoretically  it 
may  be  possible  to  construct  buildings  which  can  withstand  the  effects  of 
earthquake  without  damage,  where  availability  of  suitable  building 
materials  may  not  pose  a  serious  problem,  it  will  generally  not  be  feasible 
to  do  so  due  to  very  high  costs  involved  /I/.  From  the  safety  view  point, 
the  safety  of  human  lives  is  the  primary  concern  and  the  functioning  of  uhe 
buildings  has  lower  priority  except  the  buildings  required  for  the 
emergency,  e.g.  hospitals  etc.  The  above  aims  could  be  met,  if  a  building 
is  designed  and  constructed  such  that  in  the  event  of  the  probable  maximum 
earthquake  intensity  in  the  region 

*  the  building  should  not  suffer  total  or  partial  collapse 

*  it  should  not  suffer  such  irreperable  damage  which  would  require 
demolishing  and  rebuilding 

*  althought  it  may  sustain  such  damage  which  could  be  repaired  quickly 
and  the  building  put  back  to  its  usual  functions 


2.2.2  Structural  model 


Seismic  design  regulations  shall  stave  criteria  for  idealizing  structural 
systems.  Quasistatic  methods  can  be  adopted  when  stiffness  and  mass  vary 
gradually  throughout  the  structure. 

The  seismic  behaviour  of  a  structure  is  to  a  large  extent  determined  by  its 
capacity  to  dissipate  energy  through  ductile  deformation. 

Linear  models  can  be  used  in  conjunction  with  response  spectra  reduced  to 
account  for  ductility,  when  dealing  with  regular  elasto-plastic  systems 
having  gradual  variations  of  the  ratio  of  the.  strength  available  to  that 
requires  at  critical  sections.  For  irregular  systems  only  a  smaller  load 
reduction  through  ductility  can  be  used  or  local  corrective  factors  are 
necessary.  Irregular  systems  tend  to  local  brittle  failure  or  to  the 
accumulation  of  plastic  deformations  at  some  locations  of  the  system  with 
pronounced  variations  in  strength.  Hence,  to  predict  ductility  demands  of 
irregular  sysems,  nonlinear  methods  of  response  analysis  must  be  used. 

Structural  models  must  include  the  stiffness  of  all  elements  that  may 
influence  their  response,  including  the  so  -  called  non  -  structural 
elements.  Non  -  structural  elements  were  often  neglected  in  the  past 
leading  to  unrealistic  models  and  structural  damage  during  earthquakes.  It 
is  often  difficult  to  model  accurately  the  possible  interaction  between 
structure  and  non  -  structure  or  to  isolate  non  -  structural  elements  from 
the  structure.  In  many  cases  it  will  be  convenient  to  carry  out  a  double 
structural  analysis,  with  and  without  non  -  structural  elements. 

Non  -  linear  models  shall  also  account  for  P  -  A  effects  and  specify  the 
locations  where  non  -  linear  material  behaviour  may  occur.  To  obtain 
accurate  results  when  carrying  out  step  -  by  -  step  non  -  linear  response 
analyses  significant  compontents  of  the  ground  motion  must  be  treated 
simultaneously. 

2.2.3  System  requirements 


System  requirements  define  the  conditions  that  a  system  is  expected  to 
satisfy  in  accordance  with  its  intended  use.  For  structural  systems  these 
requirements  are  grouped  as  follows: 

*  safety 

*  serviceability 

*  durability 

*  appearance 

121  deals  with  the  first  two  groups. 

Safety  requirements  should  state  bounds  to  the  probability  of  failure  of  a 
system  for  given  time  intervals.  The  influence  of  cumulative  damage  and 
degradation  of  mechanical  properties  should  be  taken  into  account.  The 
reliability  of  a  complex  system  depends  on  the  reliabilties  of  the 
individual  members  and  on  the  way  they  are  interconnected.  Hence,  it  is 
difficult  to  state  a  system  reliability  from  the  reliability  of  the  single 
members.  The  safety  requirements  for  structural  members  assumed  to 
contribute  to  earthquake  resistance  must  refer  to  the  earthquake  intensity 
that  corresponds  to  a  given  return  period. 

Structural  elements  assumed  not  to  contribute  to  earthquake  resistance 
should  maintain,  with  an  adequate  reliability,  their  integrity  during  and 
after  the  occurrence  of  seismic  actions,  and  should  not  adversely  affect 
the  behaviour  of  the  structure. 


Non  -  structural  members  and  their  fastenings  to  the  structural  system 
should  provide  adequate  safety  against  local  damage  and  collapse  during  and 
after  earthquake  and  should  not  adversely  affect  the  behaviour  of  the 
structure.  They  should  not  create  serious  life  hazards  during  and  after 
earthquake. 

Serviceability  requirements  for  structures  and  structural  elements  should 
state  the  limit  states  e.g.  excensive  residual  deflections,  cracking  or 
loss  of  stiffness.  It  is  often  advantageous  to  accept  significant  local 
damage  to  dissipate  energy  and  prevent  more  dangerous  failure  modes,  but 
repair  work  should  be  easy  and  reliable  and  should  be  undertaken 
immediately  after  damage  takes  place.  It  may  even  be  advisable  to  place 
some  structural  elements  destined  to  fail  and  be  replaced. 

2.2.4  Performance  criteria 

Performance  criteria  are  statements  about  the  required  properties  of 
structures  and  structural  members  so  that  they  will  satisfy  the  assumptions 
of  structural  analysis  and  design.  These  rules  cover  the  following 
properties : 

*  strength 

*  stiffness 

*  ductility 

Strength  performance  rules  should  include  statements  about  minimum  and 
maximum  acceptable  values,  in  order  to  ensure  that  the  system  as  whole  is 
not  weaker  than  intended  and  that  no  unforeseen  behaviour  problems  will 
occur  by  the  presence  of  members  stronger  than  assumed.  These  rules  should 
,  also  include  specifications  about  the  acceptable  relative  values  of  the 
capacities  of  members  and  sub  -  assemblages  in  different  failure  modes. 

Stiffness  performance  criteria  should  include  statements  about  minimum  and 
maximum  acceptable  values ,  in  order  to  ensure  that  the  system  is  not  more 
flexible  than  intended  and  that  no  unfavourable  distribution  of  internal 
forces  will  result  from  deviations  of  member  stiffness  with  respect  to 
those  assumed. 

Performance  rules  relative  to  ductility  should  state  minimum  values  of  that 
variable,  as  well  as  the  number  of  alternating  load  cycles  for  which  each 
member  or  subassemblage  should  be  able  to  reach  a  specified  deformation 
without  significant  reduction  in  strength  or  energy  dissipation  capacity. 


3.  Methods  for  the  earthquake  resistant  design 


3.1  Layout  and  constructions  according  to  basic  rules 


After  many  heavy  earthquakes  damage  observations  were  carried  out  by 
international  specialists.  In  many  cases  damage  was  cause*  bv  ha* 
workmanship,  especially  in  the  area  of  joints.  From  other  damages 
fundamental  rules  were  obtained.  Results  are  given  in  the  literature, 
e.g. /(, 3, 4/.  The  most  Important  rules  concern. the  ratio  of  main  dimensions, 
permissible  differences  of  mass  and  stiffness  of  adjacent  stories, 
eccentricities  between  the  center  of  mass  and  stiffness,  etc.  Some  examples 
are  given  in  fig.  1-3.  The  earthquake  resistance  of  a  structure  can  be 
significantly  increased  by  the  consideration  of  the  rules  during  planning 
and  construction. 
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3.2  Concepts  for  the  reduction  of  seismic  forces 


In  principle,  for  stites  with  soft  soil  earthquake  components  with  lower 
frequencies  and  and  for  rock  with  higher  frequencies  are  predominant. 
Hence,  it  is  a  basic  rule  to  build  soft  buildings  on  rock  and  stiff 
buildings  on  soft  soil  to  avoid  resonances.  Soft  buildings  are  storey 
frames  but  the  stiffness  of  non  structure  must  be  taken  into  account,  which 
is  often  not  easy.  Stiff  buildings  are  shear  wall  buildings  and  corewall 
buildings,  having  the  disadvantage  of  a  lower  available  ductility,  which  is 
difficult  to  predict.  In  addition,  for  heavy  buildings  on  soft  soil  the 
soil  -  structure  interaction  has  to  be  considered.  In  practical  design 
situations  it  is  often  difficult  to  follow  the  rule  mentioned  above. 

Following  another  basic  principle,  only  negligible  damages  should  occur 
during  medium  earthquakes.  The  structural  elements  should  be  stressed  only 
in  the  linear  range.  For  earthquakes  of  high  intensity  plastic  hinging  will 
start  but  it  must  not  result  in  structural  collapse. 

Fig.  4  shows  two  principle  hinging  mechanism.  Normally  the  beam-sidesway 
mechanism  is  preferred  because  greater  ductility  ratios  can  be  obtained  and 
the  danger  of  structural  collapse  is  minimized.  A  special  detailing  is 
necessary  to  ensure  the  developement  of  hinges  in  the  right  areas.  Some 
examples  for  steel  structures  are  shown  in  fig.  5.  Disregarded  and 
unforeseen  influences  could  reduce  the  effectiveness  of  the  hinging  concept 
during  real  earthquakes. 

Using  another  concept,  structural  response  can  be  reduced  by  dampers  which 
are  activated  by  relative  movements  between  adjacent  storeys.  One  possible 
variant  is  the  use  of  dampers  incorporated  into  diagonal  stiffening 
members.  Some  examples  are  shown  in  fig.  6. 

Farther,  base  isolation  can  be  used  to  reduce  structural  response.  Using 
elastomere  bearings  the  natural  frequency  of  the  structure  can  be  decreased 
to  about  0,5  Hz.  If  equation  (8)  is  valid 

(8) 

with  f*  ...  natural  frequency  of  the  structure  with  base  isolation 
•  •  lowest  dominant  frequency  of  earthquake  spectrum 

a  significant  reduction  of  the  response  can  be  obtained.  Sometimes  the 
damping  of  the  bearings  is  increased  by  lead  cores.  - 

Base  isolation  reduces  the  acceleration  within  the  structure  but  increases 
the  displacements  at  the  base  to  about  10  -  20  cm.  Often  problems  with 
basement  detailing  and  the  connections  of  gas-,  water-  and  sewage  pipes 
arise.  Further,  the  overturning  moments  and  the  long  -  term  behaviour  can 
cause  problems.  The  low  natural  frequency  of  a  base  isolated  structure  can 
be  excited  by  ambient-  vibrations.  As  these  vibrations  can  cause  kinetosis 
(motion  sickness)  of  the  inhabitants,  base  isolated  systems  are  often 
blocked  for  small  amplitude  excitation  and  start  operation  at  earthquake 
levels. 

3-3  Dynamic  calculations  prescribed  in  codes 


Dynamic  calculations  can  be  carried  out  at  different  levels  of  accuracy. 
Both  the  dynamic  load  and  the  structure  must  be  modelled  as  accurate  as 
necessary  for  the  problem. 


•• 


The  following  methods  can  be  used: 

*  pseudo  -  static  method 

*  response  -  spectrum  method 

*  time  -  history  analysis  (modal  superposition  method  and  step  -  by  - 
step  integration) 

*  methods  in  the  frequency  domain 

*  stochastic  methods 

The  methods  are  described  well  in  literature,  e.g./5,6/. 

The  International  Association  for  Earthquake  Engineering  (IAEE)  brings  out 
the  latest  collection  of  national  seismic  codes  once  every  four  years  at 
the  time  of  the  World  Conference  on  Earthquake  Engineering. 

Most  national  seismic  codes  prescribe  pseudo  -  static  and  response  spectrum 
calculations.  The  basic  quantity  used  in  the  greater  part  of  all  codes  is 
the  base  shear  calculated  from  the  total  mass  and  a  seismic  coefficient, 
which  is  the  product  of  several  partial  factors.  Depending  on  the  method 
used,  the  distribution  of  the  design  action  over  the  height  of  the  building 
is  carried  out  more  or  less  accurate. 

Chly  short  comments  on  the  use  of  more  sophisticated  methods  can  be  found 
in  some  codes. 


Trends  in  the  harmonization  of  codes 


4.1  State  of  the  art 


In  the  greater  part  of  all  seismic  codes  quasistatic  or  response  spectrum 
methods  are  used.  The  increased  possibilities  of  computers  encourage  some 
engineers  to  use  sophisticated  programs,  but  many  input  data  are  uncertain. 
Therefore,  the  questions  arises,  whether  the  quality  of  the  earthquake 
resistant  design  can  be  realy  increased.  It  must  be  the  aim  to  elaborate 
more  realistic  codes  in  the  future.  More  sophisticated  methods  should  be 
used  only  in  situations  premising  an  increased  quality. 

It  is  assumed  that  also  in  the  future  for  the  greater  part  of  structures 
qua3istatic-  or  response  spectrum  methods  are  sufficient. 

Most  codes  take  into  account  the  basic  statements  of  EE  -  monographs  but 
more  principles  on  the  reliability  should  be  fitted  in.  Seme  important 
problems  of  code-procedures  are  discussed  in  what  follows: 

*  global  earthquake  parameters  can  be  estimated  well,  but  assumptions 
about  the  frequency  content  for  a  special  site  are  often  unrealistic. 
The  Influence  of  local  soil  dynamics  is  very  important  but  information 
for  lire  practice!  *««*ign  situation  is  available  only  at  a  relatively 
high  cost  level.  Quick  and  inexpensive  experimental  methods  would  be 
necessary. 

For  the  today  -  situation  the  question  arises,  how  accurate  the 
calculation  of  modal  frequencies  of  the  structure  must  be. 

*  the  field  of  applicability  is  not  defined  uniformly  in  all  codes.  Some 
codes. principally  exclude  bridges,  dams,  nuclear  facilities  and 
structures  with  the  potential  danger  of  secondary  disasters  such  as 
fire,  leakage  of  hazardous  material,  etc.  In  general,  also  for  these 
structures  code  procedures  could  be  used  to  a  certain  extent,  but  the 
codes  should  state  the  limits  of  applieaM.'i Jtv.  e.g.  small  bridges 
can  be  designed  well  using  a  quasistatic  method  while  for  a  long  span 
bridge  with  multipoint  excitation  a  more  sophisticated  method  will  be 
adequate. 
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*  in  urban  areas  there  are  often  ensembles  of  adjacent  buildings 
built  without  adequate  isolation  gaps  between  them.  Damping  contact 
often  occurs  during  severe  earthquakes,  especially  if  buildings  have 
different  heights.  New  buildings  are  often  fitted  in  without  adequate 
gaps  to  preserve  the  townscape.  The  problem  is  difficult,  but 
solutions  should  be  elaborated. 

*  there  is  not  doubt  that  quasistatic  or  simplified  response  spectrun 
methods  give  good  results  in  the  case  of  regular  structures.  Due  to 
the  uncertainties  inherent  in  respose  spectra  the  fundamental 
frequency  can  be  calculated  well  using  simplified  formulas.  Also  the 
assumed  distribution  over  the  height  will  be  realistic. 

If  irregular  buildings  are  treated  as  regular  buildings  the  wrong 
distribution  of  the  design  action  will  introduce  greater  errors  than 
inaccurate  modal  frequencies. 

Several  codes  give  rules  to  distinquish  between  regular  and  irregular 
structures  but  the  values  are  very  different.  Attempts  for  a 
harmonization  are  reported  in  chapter  6. 

*  separate  calculations  are  carried  out  for  two  horizontal  directions. 
There  is  no  agreement  between  the  codes  if  sane  percentage  of  the 
design  action  of  the  second  direction  should  be  taken  into  account 
when  designing  the  first  direction.  No  statement  on  that  point  was 
found  in  the  reliability  concepts.  Some  codes  prescribe  also  a  design 
in  vertical  direction  for  special  structures  or  members.  Near 
epicentres  vertical  excitation  can  be  non  -  negligible  but  statements 
are  missed  in  the  codes. 

*  when  modal  responses  in  a  particular  direction  can  be  regarded  as 
independent  of  each  other,  the  combination  may  be  generally  performed 
according  to 

S -/ZSc1'  (9) 

where  S  ...  is  the  response  quantity  under  consideration 

5.  ...  is  the  response  quantity  in  the  i-th  mode  of 
vibration 

If  modes  with  close  spaced  frequencies  occur  more  sophisticated 
combination  rules  should  be  used,  e.g.  111. 

*  while  actions  form  medium  earthquakes  are  normally  resisted  in  a 
linear  way  a  ductile  behaviour  is  necessary  for  extreme  earthquakes. 

A  good  review  of  the  problem  and  of  ductility  factors  is  given  in  /8 /. 
Oie  must  be  very  careful  to  obtain  an  adequate  ratio  between  ultimate 
deformation  capacity  and  nonlinear  design  deformation  all  over  the 
structure  to  avoid  unforeseen  hinging. 

*  damping  strongly  influences  the  magnitude  of  the  design  actions. 
Several  damping  mechanism  act  within  a  structure,  which  are 
understood  not  very  well  at  the  moment.  Damping  is  taken  into  account 
via  a  equivalent  damping  ratio.  More  research  is  necessary  for  a 
better  modelling. 

For  a  better  harmonization  the  following  points  should  be  considered: 

*  uniform  criteria  for  seismic  zoning 

*  uniform  criteria  for  the  elaboration  of  maximum  values  of  ground 
acceleration  etc. 

*  use  of  an  uniform  normalized  response  spectrum 

*  uniform  safety  concept  and  rules  for  the  combination  of  actions 

*  use  of  an  improved  ducility  concept,  giving  rules  avoiding  adverse 
discontinuities  in  strength  and  ductile  behaviour  in  vertical 
direction.  Elaboration  of  more  realistic  ductility  factors 

*  uniform  maximun  values  of  interstorey  drift,  especially  to  limit 
damage  of  non  -  structural  elements 
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"Trends  in  harmonization  of  codes"  is  the  name  of  one  topic  at  many 
conferences  on  EE.  The  literature  was  reviewed  starting  with  the  6.  ECEE, 
Dubrovnik,  1978.  Most  papers  present  new  national  codes  or  compare 
different  codes  but  few  real  harmonization  concepts  are  discussed. 

In  /9/  the  partial  factors  used  in  several  European  codes  for  the 
calculation  of  the  base  shear  are  compared. 

In  710/  the  comparison  is  carried  out  for  non  -  European  countries. 
Formulas  and  values  of  comparable  factors  are  listed,  easy  to  survey. 

From  the  results  of  /II/  it  is  evident  that  seismic  forces  calculated  by 
Balkan  countries  codes  are  10-50  %  smaller  than  the  forces  from  USA-ATC-78. 

The  new  earthquake  resistant  regulations  for  buildings  in  Japan  are 
presented  in  /12/.  This  paper  seems  to  be  a  good  help  for  the  revision  of 
codes  because  it  comes  from  a  country  with  great  practical  experience  in 
EE.  For  most  buildings  the  Japanese  code  prescribes  a  design  for  the 
ultimate  limit  state  as  well  as  for  the  serviceability  limit  state. 

In  /1 3/  some  of  the  more  significant  underlying  assumptions  and  experiences 
introduced  into  the  seismic  provisions  of  the  Uniform  Building  Code  over 
many  years  are  discussed. 

In  /1 4/  information  on  sources  of  fatal  weakness  in  the  designer  - 
contractor  -  user  system  and  on  the  distribution  of  error  source  in 
design /construction  of  R/C  structures  is  given.  More  investigations  of  that 
kind  will  be  necessary  to  follow  the  principles  stated  in  chapter  2.1. 

In  /I 5/  the  outline  of  the  Yugoslav  code  is  given,  especially  smoothed  and 
normalized  response  spectra  are  presented  covering  American-,  Yugoslavian- 
and  Italian  earthquakes. 

The  philosophy  of  the  new  Swiss  earthquake  regulations  is  given  in  /1 6/. 
The  draft  prescribes  a  quasistatic  analysis.  A  construction  factor  is 
introduced,  serving  for  two  different  purposes: 

*  reduction  of  the  elastic  equivalent  static  forces  by  allowing  plastic 
deformations 

*  taking  account  of  the  difference  between  the  design  values  and  the 
effective  values  (resistance  and  deformations)  which  determine  the 
behaviour  (using  specific  damage  patterns  assigned  to  structural 
classes) 

During  the  development  of  the  new  Swiss  seismic  design  code,  several 
comparative  analysis  studies  have  been  performed  especially  with  drafts  of 
CEB,  Eurocode  no.  8,  ATC-3.  Results  are  given  in  /17, 18,19/. 

A  typical  example  from  /1 8/  is  given  in  fig.  7.  The  design  base  shear  for  a 
warehouse  was  calculated  using  8  different  codes.  A  maximum  difference  of 
500  %  between  the  results  of  the  Indian  and  the  Japanese  code  was  obtained. 

Very  interesting  results  are  presented  in  /19/.  Deformations,  moments  and 
shear  were  calculated  for  3  different  buildings,  using  the  Swiss  draft 
(SIA),  ATC-3,  the  code  of  Baden-WUrttemberg  (RL-CW)  and  a  response  spectrum 
calculation  (ASM)  using  a  spectrum  obtained  form  the  Friulian  earthquakes. 
The  results  are  shown  in  fig.  8. 

The  main  conclusions  are: 

*  the  codes  underestimate  the  maximun  bending  moment  strongly  for 
buildings  with  a  fundamental  frequency  >  ~  1  Hz .  The  calculated 
maximun  moment  is  only  12  -  60  %  of  the  moment  obtained  by  the 
response  spectrum  method. 


*  for  buildings  with  a  fundamental  frequency  <  ~  0,5  Hz  the  bending 
moments  are  underestimated  in  the  upper  parts  and  overestimated  in 
the  lower  parts  by  the  code  procedures  (see  fig.  9).  This  is 
especially  true  if  also  higher  modes  are  excited. 

In  /20/  the  use  of  ductility  to  reduce  the  strength  demanded  by  linear 
elastic  response  through  the  use  of  response  reduction  factors  is  examined. 
The  rationale  for  these  factors  and  for  the  values  recomnended  by  ATC  and 
SEAOUC  is  discussed  in  light  of  recent  earthquakes  and  research  results. 

In  /21/  a  procedure  is  shown  to  limit  the  potential  damage  of  buildings  to 
a  tolerabel  level.  The  procedure  is  based  on  a  damage  model,  in  which 
structural  damage  is  expressed  as  a  function  of  the  maximun  deformation  and 
dissipated  hysteretic  energy. 

4.2  Draft  of  international  standard  ISO/DIS  3010 

This  draft  is  an  important  basis  for  the  harmonization  of  codes.  The 
seismic  actions  described  are  fundamentally  compatible  with  the  general 
principles  on  reliability  (ISO  2394). 

The  draft  specifies  methods  of  evaluating  seismic  actions  for  the 
earthquake  resistant  design  of  buildings,  towers,  chimneys  and  similar 
structures.  Most  of  the  principles  are  applicable  also  to  structures  such 
as  bridges,  dams,  harbour  installations,  tunnels,  fuel  storage  tanks, 
chemical  plants,  conventional  power  plants,  etc.  Nuclear  power  plants  are 
not  covered  by  this  code. 

The  basic  philosophy  is: 

*  to  prevent  human  injury  f 

*  to  ensure  continuity  of  vital  services  > 

*  to  minimize  damage  to  property 

Seismic  actions  shall  be  taken  either  as  accidental  actions  or  variable 
actions.  For  accidental  actions  the  structure  has  to  be  designed  for  the 
ultimate  limit  state.  It  is  assumed  that  the  serviceability  limit  state  is 
verified  indirectly  in  that  case. 

For  variable  actions  the  structure  has  to  be  designed  for  the 
serviceability  limit  state. 

The  draft  prescribes  an  equivalent  static  analysis  or  a  dynamic  analysis. 
For  the  dynamic  analysis  only  few  general  statements  are  given. 

Using  the  equivalent  static  method,  for  the  ultimate  limit  state  the 
seismic  desi&i  action  for  the  i-th  level  of  a  structure  is  given  by 

F;«.-  A.  (i  ^  G  (10) 

where 

»....  is  the  importance  factor  as  related  to  the  use  of  structure 
ft...  is  the  seismic  hazard  zoning  coefficient  to  be  specified  in 
the  national  code 

'Jfk . .  is  the  standard  base  shear  coefficient  for  the  accidental 
seismic  action  to  be  specified  in  the  national  code 
0...  is  the  structural  coefficient  to  be  specified  for  various 
structural  systems  according  to  their  ductility 
^...  is  the  dynamic  coefficient  as  related  to  the  response  spectrum 
considering  the  effect  of  soil  conditions  and  damping  property 
of  the  structure 
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<k  . . .  is  the  coefficient  which  characterizes  the  distribution  of 
seismic  forces  in  elevation,  where  satisfies  the 
condition 

Ci  ...  is  the  gravity  load  of  structure 
For  the  serviceability  limit  state  the  design  action  is  given  by 

m  d-  /h  §  <Pi  6  (11) 

where  is  the  standard  base  shear  coefficient  for  variable  seismic 

action  to  be  specified  in  the  national  code. 

The  structure  has  to  be  designed  according  to  the  orthogonal  axes  x-y.  The 
total  design  seismic  action,  E,  to  be  considered  usually  consists  of  the 
following  two  combinations  of  E*  and  Ey 

E  -  E„  +  XBy  (12) 

E  «  X E,  +  Ey  (13) 

where 

E„  ...  seismic  design  action  in  x  -  direction 
Ey  ...  seismic  design  action  in  y  -  drieetion 
X.  ...  coefficient  to  be  specified  in  the  national  code 
e.g.  A  =  0,3 

The  vertical  component  E*.  is  usually  not  considered  explicitly.  It  is, 
however,  taken  into  account  with  its  roost  unfavourable  value,  for  example 
in  the  following  cases: 

-  prestressed  structures 

-  horizontal  structural  members  with  clear  spans  of  more  than  20  m 

-  constructions  with  high  arching  forces 

-  cantilever  members 

-  concrete  columns  and  shear  walls  subjected  to  high  shear  forces, 
especially  at  construction  interfaces 

Two  different  kinds  of  deformations  of  the  structure  have  to  be  controlled: 

*  the  inter  -  story  drift  should  be  limited  to  restrict  damage  to 
non  -  structural  elements  such  as  glass  panels,  curtain  walls,  etc. 
for  moderate  earthquakes  and  to  control  against  fracture  of 
structural  elements  and  instability  of  the  structure  for  severe 
earthquakes 

*  the  control  of  the  total  displacement  is  concerned  with  the 
reduction  of  panic  or  discomfort  for  moderate  earthquakes  and 
with  sufficient  separations  of  two  adjoining  structures  to  avoid 
damaging  contact  for  severe  earthquakes.  For  severe  earthquakes 
P  -  A  -  effects  must  be  taken  into  account. 


may  be 


The  torsional  moment  of  the  i-th  level  of  the  structure,  Mj  , 
determined  by 


Mj  -  Cli  •; 


(14) 


where  Qi  is  the  seismic  shear  force  of  the  i-th  level: 


(15) 


ei  is  one  of  the  following  two  values,  whichever  is  the  most  unfavourable 
for  the  structural  element  under  consideration. 

*  the  actual  eccentricity  between  centres  of  mass  and  rigidity, 
multiplied  by  a  dynamic  magnification  factor  representing  the  coupling 
of  transverse  and  torsional  vibrations,  and  by  adding  the  incidental 
eccentricity  of  the  i-th  level 

*  the  actual  eccentricity  Detween  the  centres  of  mass  and  .rigidity, 
diminished  by  subtracting  the  incidental  eccentricity 

The  dynamic  magnification  factor  will  be  specified  in  the  national  code. 
For  example,  this  value  may  be  taken  as  around  1,5. 

In  addition  to  equ.  (9)  for  the  combination  of  the  modal  responses  the 
equation  (16)  is  given: 

s  =  l/w*  <rZ  S  (16) 


where  SmAJf  is  the  maximum  value  of  S£  and  O'  may  be  taken  as  0,5  for 
example. 

It  can  be  concluded,  that  ISO/DIS  3010  is  an  excellent  basis  for  the 
elaboration  of  seismic  codes,  giving  the  important  points  in  a  clear  and 
effective  way.  The  code  is  material  independent.  No  constructive  rules  are 
given. 


*J.3  Draft  of  Eurocode  no.  8 
— —————— — 

At  the  moment  the  draft  is  not  so  well  elaborated  as  ISO/DIS  3010.  In  the 
future  this  code  will  be  very  important  for  the  European  countries,  among 
them  Austria. 

In  principle,  the  code  can  be  used  for  dwelling  -  office  -  and  industrial 
houses.  The  use  for  other  structures  can  be  prescribed  by  the  authorities 
exept  for  extraordinary  structures  and  structures  with  a  potential  danger 
of  secondary  disasters.  The  seismic  actions  are  classified  as  accidental 
actions. 

The  code  does  not  directly  state  a  design  for  an  ulitmate  limit  state  or  a 
serviciability  limit  state. 

At  the  moment  two  response  spectra  are  given,  but  only  the  second  one  is 
necessary.  This  design  spectrun  is  given  in  fig.  10. 

The  code  gives  statements  on  time  history  analysis,  complete  and  simplified 
response  spectrum  method  and  a  quasistatic  method.  For  the  simplified 
reponse  spectrun  method  formulas  for  the  fundamental  period  and  the 
distribution  of  the  desing  actions  over  the  height  are  given. 

Using  the  equivalent  static  method,  the  design  action  for  the  i-th  level  is 
given  by 


FI  -  A  R  (T)  Wi  j cj. 


(17) 


where 

A  ...  maximum  ground  accelertion 
R(t).  . .  ordinate  of  the  design  spectrum 
•^  ...  ductility  factor 
Wi  ...  gravity  load  of  the  i-th  level 

The  code  uses  also  equ.  (12,13)  for  the  combination  of  the  two  horizontal 
design  actions. 

For  the  evaluation  of  torsional  moments,  some  advanced  formulas  for  the 
eccentricities  are  given. 

For  the  combination  of  the  modal  reponses  equ.  (9)  is  prescribed. 

Some  basic  rules  of  EE  are  stated  in  the  code.  A  third  part  of  the  code  is 
under  elaboration  at  the  moment,  containing  constructive  rules  and  material 
demands  for  foundations,  concrete-,  steel-,  composite-,  timber-,  masonry- 
and  mixed  structures. 
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5.  Concepts  and  methods  for  the  improvement  of  seismic  codes 


5.1  General  aspects 


In  EE  the  following  methods  are  used 

*  dynamic  calculations 

*  dynamic  in-situ  tests 

*  dynamic  model  tests 

*  elaboration  of  dynamic  structural  models  from  earthquake  responses 
recorded  in  instrumented  structures 

Each  method  has  advantages,  disadvantages  and  limitations.  By  an  optimum 
combination  of  these  methods  progress  can  be  obtained.  In  principle,  in  EE 
to  less  work  is  done  to  adapt  results  for  practical  use.  Recent  approaches 
are  discussed  in  chapter  6. 

5.2  Concept  of  the  new  Austrian  seismic  code  ( ONORM  B  4015) 


The  Austrian  committee  for  the  revision  of  the  seismic  code  tries  to  find  a 
solution  between  a  code  containing  the  latest  international  results  and  a 
code  which  can  be  easily  used  by  the  practical  engineer.  The  code  should 
give  realistic  results.  More  complicated  calculations  will  be  prescribed 
only  in  situations  promising  an  increased  quality  of  the  design.  The  code 
will  include  a  pseudostatic  and  a  response  spectrum  procedure. 

The  method  to  be  used  (quasi  -  static,  response  spectrum  or  more 
sophisticated  calculation)  will  depend  on  the  following  factors: 

*  earthquake  risk  at  the  site 

*  safety  class  of  the  building  (e.g.  life  line  character) 

*  degree  of  vulnerability  of  the  building  by  vibrations 

Fran  tab.  1  a  parameter  giving  a  "combined  hazard"  of  earthquake  damages  as 
a  function  of  the  seismic  zone  and  the  safety  class  can  be  obtained.  The 
values  are  a  first  proposal  and  need  a  review  by  people  working  on 
reliability  of  structures. 

The  degree  of  the  vulnerability  of  a  building  is  strongly  influenced  by  its 
structural  i  '•'-egularities.  A  lot  of  criteria  for  classification  were  found 
in  several  national  codes  and  in  literature.  The  values  often  differ 
drastically. In  tab.  2  some  first  estimates  are  compiled,  which  will  be  the 
basis  for  a  more  detailed  elaboration.  It  is  assumed  that  not  all  criteria 
will  have  the  same  importance  and  hence  the  number  can  be  reduced. 

The  following  groups  are  used: 

W  . . .  low  vulnerability 

R  ...  medium  vulnerability,  but  relatively  regular  buildings 
'j  ...  medium  vulnerability,  ~»:t  irregular  buildings 
S  ...  high  vulnerability 

The  mc-thod  to  be  used  follows  form  tab.  3  as  a  function  of  the 
"vulnerability  -  group"  and  the  "combined  hazard". 

The  following  design  method  can  result  from  tab.  5: 

WK  . . .  no  consideration  of  earthquake  forces.  The  necessary 

horizontal  resistance  is  provided  by  the  design  prescribed 
in  the  material  codes 

K  ...  no  dynamic  calculation  necessary  if  fundamental  rules  of 
EE  are  considered 
Q.  . . .  quasistatic  method 


A  ...  response  spectrum  method 

D  _  a  more  sophisticated  dynamic  analysis  by  a  specialist  is 

necessary,  the  code  procedure  is  not  sufficient  in  this 
case. 

Hence,  in  the  best  case  for  the  designer  (lowest  danger  of  earthquake 
damage)  no  special  seismic  design  will  be  necessary.  In  the  worst  case 
which  can  be  treated  by  the  code,  a  response  spectrum  method  will  be 
prescribed.  For  a  hospital,  for  example,  in  an  area  of  high  seismic  risk 
which  is  strongly  vulnerable  a  more  sophisticated  design  will  be  necessary. 

The  classification  given  in  tab.  3  is  a  first  assumption  and  will  re 
elaborated  in  the  research  project  discussed  in  chapter  6. 

The  first  draft  of  the  new  ONORM  B  4015  was  elaborated  4  years  ago.  The 
idea  of  introducing  tab.  1  and  tab.  3  is  basically  new. 

Procedures  mainly  given  in  ATC-3  were  chosen  as  the  backbone  for  the 
calculations  planned.  In  the  research  project  all  equations  and  values 
should  be  elaborated  finally.  The  text  is  now  very  long  and  should  be 
reduced  on  the  Oasis  of  the  research  project  as  much  as  possible  looking  at 
the  excellent  compact  format  of  ISO/DIS  3010. 

Further,  some  demands  from  the  superior  reliability  concept  must  be  fitted 
in. 


Seismic  actions  will  be  classified  as  accidental  actions  and  the  structure 
will  be  normally  designed  for  the  ultimate  limit  state.  The  statement  of 
ISO/DIS  3010  that  serviceability  is  verified  indirectly  when  designing  for 
ultimate  limit  state  seems  to  be  doubtful.  Therefore,  for  lifeline 
structures  serviceability  will  have  to  be  verified  in  addition. 

To  have  a  modern  code  the  following  input  must  be  contributed  form  the 
superior  reliability  concept  (for  Austrian  from  ONORM  B  4040): 

*  partial  factor  ,  equation  (2) 

*  partial  factor  ,  equation  (2)  alternatively  to  be  fixed 

by  seismic  code  committee 

*  rules  defining  quality  of  workmanship,  control  procedure, 
maintainance 

*  action  -  combination  coefficients  in  equation  (3, 4, 5, 6) 

*  combination  coefficient  for  dead  masses  and  life  masses 

The  following  points  are  not  included  in  reliability  concepts  and  have  tc 
be  discussed  with  the  specialists: 

*  "combined  hazard”  according  to  tab.  1 

*  combination  of  two  horizontal  orthogonal  actions  by  a  factor  A.  in 
equation  (12,13) 

The  following  points  should  be  fixed  by  the  seismic  code  committee: 

*  partial  factor  ,  equation  (2),  eventually 

*  partial  factor  ,  equation  (2) 

*  method  to  be  used  as  a  function  of  "combined  hazard"  and 
"vulnerability  -  group",  tab.  3 

*  dynamic  magnification  factor  in  ej  (equation  141 

*  factor  <T  in  equation  (16) 

The  partial  factor  y*  (.equation  7)  will  be  in  the  responsibility  of  the 
material  code  comnittees. 


6.  Research  project  for  the  elaboration  of  the  code 


6.1  Pregram  of  investigations 


The  degree  of  the  vulnerability  of  a  building  must  be  known  before  the 
necessary  design  method  can  be  found  from  tab.  3. 

The  degree  of  the  vulnerability  is  strongly  influenced  by  the  main 
dimensions  and  the  structural  irregularities.  Starting  from  the  values  in 
tab.  2  the  most  important  criteria  will  be  elaborated.  Sensitivity 
investigations  will  be  carried  out,  first  results  are  given  in  chapter  6.2 
In  addition,  the  limits  of  the  applicability  of  the  different  methods, 
resulting  in  the  final  edition  of  tab.  3,  will  be  obtained. 

The  second  aim  of  the  project  is  a  rational  further  improvement  of 
structural  modelling,  especially  a  better  consideration  of  influences  of 
the  non  -  structural  elements.  For  several  types  of  buildings  in-situ  tests 
combined  with  calculations  are  planned  at  different  phases  of  the 
construction. 

6.2  Sensitivity  of  seismic  design  actions  on  the  distribution  of  mass 
and  stiffhes3 


6.2.1  Results  for  a  storey  frame  buildings 


To  elaborate  the  sensitivity  of  the  design  actions  on  the  distribution  of 
mass  and  stiffness,  the  example  of  a  storey  frame  given  in  /5 /  was  chosen. 
The  layout  of  the  building  is  given  in  fig.  11.  The  numbers  of  storeys  was 
increased  to  five.  A  response  spectrum  analysis  was  carried  out  for  y- 
direction,  using  the  spectrum  given  in  DIN  4149.  The  resulting  bending 
moments  for  the  inner  columns  of  one  of  the  9  equal  frames  are  also  given 
in  fig.  11.  In  tab.  4  the  different  steps  of  the  investigation  are  listed. 
Differences  of  the  bending  moments  due  to  a  variation  of  mass  or  stiffness 
at  certain  locations  of  the  structure  are  given  in  fig.  13  -  14.  Only  a 
part  of  the  calculations  is  finished  at  the  moment.  A  detailed  discussion 
of  the  results  will  be  given  in  forthcoming  papers. 

6.2.2  Results  for  a  shear  wall  building 


For  the  investigations  example  2  given  in  /5 /  was  used. 

The  cross  section  of  the  normal  storey  is  given  in  fig.  12.  The  building 
has  11  storeys.  The  structure  was  idealized  using  an  equivalent  beam  model, 
with  one  lumped  mass  per  storey.  The  normal  storey  height  is  2,75  m.  The 
height  of  the  base  storey  was  increased  to  obtain  the  same  modal 
frequencies  as  in  example  2.  The  equivalent  moments  of  inertia  and  the 
masses  were  taken  from  example  2  in  I'll.  The  procedure  to  calculate 
equivalent  moments  of  inertia  which  approximately  consider  shear-  and 
normal  -  force  -  deformations  is  discussed  in  /5/.  A  reponse  spectrum 
calculation  was  carried  out  for  y-dir action  using  the  response  spectrum  for 
soft  soil  and  5  %  of  critical  damping  given  in  122/ .  The  resulting  bending 
moments  are  also  given  in  fig.  12.  Differences  of  the  bending  moments  due 
to  ±  50  %  variations  of  mass  or  stiffness  at  certain  levels  of  the 
structure  are  given  in  fig.  15  -  16.  Chly  a  part  of  the  calculations  is 
finished  at  the  moment.  A  detailed  discussion  of  the  results  will  be  given 
in  forthcoming  papers. 
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7.  Conclusion 
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Earthquake  resistant  layout  of  groundplan 


Earthquake  resistant  layout  of  elevation 
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Hinge  mechanism*  for  multi  storey  frames 
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Design  base  shear  f or  a  warehouse  calculated 
after  different  codes  (from  /l8/) 


Comparison  of  maximum  bending  moment  calculated 
by  different  methods  (from  /19/) 
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ig,  9  Comparison  of  vertical  distribution  of  bending  moments 
calculated  by  different  methods  (from  /19/) 
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fig. 10  Design  response  spectrum  from  Eurocode  no. 8 


A m. .. .relative  mass  difference  of  adjacent  storeys 
Ak. .. .relative  stiffness  difference  of  adjacent  storeys 

e . ...  maximum  of  eccentricity  between  centres  of  mass  and  rigidity 

f . ...  fundamental  frequency 

f^... lowest  bending  eigenf requency 
f^... lowest  torsional  eigenf requency 


tab , 2  Criteria  for  classification  of  the  vulnerability  of 
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tab. l  Combined  hazard  as  a  function  of  seismic  zone 
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Example  1  -  multistorey  frame 


Example  2  -  shear  wall  building 
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SOME  NORMATIVE  REQUIREMENTS  FOR  DESIGN  AND  CONSTRUCTION 
OF  LARGE-PANEL  BUILDINGS  IN  SEISMIC  REGIONS . 

D.  Nenov1* 

SUMMARY 


The  present  lecture  treats  first  of  all  the  necessity 
of  consideration  the  problem  and  indicates  its  up-to-date 
importance.  Farther  are  examined  two  kinds  of  requirements 
for  construction  of  large-panel  buildings  in  seismic  re¬ 
gions  :  general  requirements  valid  also  for  all  other  types 
of  buildings  and  specific  requirements  valid  for  large-pa¬ 
nel  buildings  only.  Additionally  there'  is  presented  the  me¬ 
thod  of  calculation  of  the  bearing  capacity  of  some  of  the 
connections.  ' 

t.  INTRODUCTION 

From  historical  point  of  view  the  large-panel  buil¬ 
dings  are  a  new  type  of  construction.  They  came  into  the 
practice  as  late  as  several  years  after  the  end  of  World 
War  II. 


Nowadays  the  mass-scale  construction  of  large-panel 
residential  buildings  is  performed  In  more  than  20  Euro¬ 
pean  countries. 


In  Europe,  except  the  USSR  there  are  now  functioning 
more  than  320  industrial  enterprises  for  construction  of 
large-panel  buildings  producing  annually  more  than  600 
thousand  flats.  This  type  of  construction  is  developed  wi- 
d  i  Poland»  Hungary  and  Czechoslovakia  where  its 

relative  portion  of  the  whole  construction  is  50  to  75%. 


The  first  large-panel  building  has  been  built  in  the 
U5SLinJ^  period  1 947-1 948.  Afterwards,  in  many  towns  , 
of  the  USSR  started  the  experimental  construction.  In  1981 
the  construction  of  large-panel  buildings  is  realized  by 
®bterpriges  having  a  total  production  capacity  of  about 
58  million  m  /i.e., about  900  thousand  flats  annually  as¬ 
suming  65  m*  as  the  average  floorage  of  a  flat/.  In  some 
cities  as  Moscow,  Leningrade,  Kiev,  Tashkent  and  others  the 

this  type  of  construction  is  more  than 
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According  to  the  Soviet  epecialists  the  large-panel 
buildings  construction  in  seismic  regions  has  many  advan¬ 
tages  In  comparison  to  the  brxck  masonry  construction  : 
reduction  of  labour  expenses  with  35  to  40%,  price  reduc¬ 
tion  average  of  6%,  shortening  of  construction  deadlines 
1,5  to  2  times.  Thanks  to  its  advantages  and  its  high  re¬ 
liability  this  type  of  construction  takes  more  than  60% 
of  the  total  volume  of  construction  in  the  seismic  re¬ 
gions  of  the  USSR. 

Prance  is  one  of  the  first  West  European  countries 
applying  the  large-panel  construction.  The  first  large- 
panel  buildings  have  been  built  in  1949  and  further  on 
this  type  of  construction  gradually  has  obtained  a  mass 
character. 

Since  I960  the  large-panel'  buildings  construction 
has  been  applied  also  in  Czechoslovakia.  In  1975  the  re¬ 
lative  portion  of  the  large-panel  construction  ia  about 
75%  of  the  total  volume  of  the  mass  residential  construc¬ 
tion. 

In  the  German  Democratic  Republic  the  large-panel 
construction  begins  in  1958  and  becomes  quickly  a  mass 
type  of  construction. 

In  Poland,  in  a  short  period  of  time  and  particular¬ 
ly  during  the  last  decade  was  developed  a  strong  large- 
panel  production  industry.  In  1969  have  been  built  27 
thousand  large-panel  flats  and  in  1978  their  number  is  al¬ 
ready  180  thousand. 

The  majority  of  the  Balkan  countries  paid  an  interest 
to  the  large-panel  construction  long  ago.  ~ 

In  Yugoslavia  the  experimental  construction  with 
large-panel  elements  began  in  1955.  After  the  Skopj ^’earth¬ 
quake  in  1963  large-panel  buildings  continued  to  be  built 
in  several  cities  in  this  country.  Since  1964  in  Skopje 
the  construction  of  earthquake  resistant  large-panel  buil¬ 
dings  up  to  5  storey  has  started.  In  New  Belgrade  for  seis 
mlcity  7  according  to  the  MSK  scale,  21 -storey  large-panel 
buildings  were  built  in  1974,  their  first  5  storeys  in 
cast  in-si tu  reinforced  concrete  walls.  Before  the  Monte¬ 
negro  earthquake  in  1979  several  large-panel  buildings  up 
to  6-7  storeys  were  built  in  the  town  of  Bar  and  their  be¬ 
haviour  during  the  strong  earthquake  in  1979  was  satisfac¬ 
tory.  Since  1976  mass  construction  of  large-panel  buil¬ 
dings  was  applied  in  New  Belgrade  with  height  up  to  16 
storeys. 

The  large-panel  structures  for  multistorey  residen¬ 
tial  buildings  have  been  used  in  Romania  since  the  end  of 
the  'fifties  as  an  efficient  and  rapid  solution  of  the 
housing  shortage  problem  of  the  country.  Considering  the 
system's  multiple  advantages,  the  number  of  large-panel 
buildings  built  every  year  has  continuously  increased,  so 
that  today  about  60%  of  the  total  number  of  flats  are 
built  with  large  panels.  There  are  factories  for  indust¬ 
rial  production  of  prefabricated  panels  all  over  the 
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country. 

The  first  one-storey  large-panel  building  was  built 
in  Bulgaria  in  1956-1957  and  the  first  four-storey  resi¬ 
dential  building  was  built  in  Sofia  in  1958.  The  first 
complex  of  many  large-panel  buildings  was  built  in  1959- 
1960.  Gradually  this  type  of  construction  obtained  a  mass 
character.  Now  in  Sofia  and  in  the  majority  of  the  dist¬ 
ricts’  capital  cities  are  functioning  plants  for  indust¬ 
rial  production  of  prefabricated  panels  with  a  total  ca¬ 
pacity  of  45  thousand  flats  annually. 

In  the  most  of  European  countries  non  mentioned  here¬ 
in  large-panel  buildings  are  also  being  built  intended 
preferably  for  dwellings. 

In  some  European  countries  are  used  large-panel  sys¬ 
tems  with  wider  purposes.  Thus,  in  Italy  the  Peruggia  Uni¬ 
versity  and  the  construction  company  "El com  System"  have 
worked  out  the  structural  system  GN/PI  for  construction 
of  residential,  public,  educational,  and  similar  buildings 
up  to  several  storeys.  The  special  feature  of  this  system 
is  the  use  of  prestressed  reinforced  concrete  panels. 

The  large-panel  buildings  construction  is  applied  al¬ 
so  overseas.  For  example,  this  type  of  buildingB  have  a 
wider  application  in  seismic  regions  of  the  Chinese  Peop¬ 
le's  Republic  particularly  after  the  strong  earthquake  in 
1976  in  Tanshan.  The  volume  of  the  large-panel  buildings 
construction  in  USA  is  comparatively  small.  Usually  large- 
panel  buildings  with  shear  bearing  walls  and  hollow  slabs 
elements  concreted  along  their  edges  are  built.  A  consi¬ 
derable  number  of  large-panel  buildings  is  performed  in 
Japan,  their  height  limited  prior  up  to  two  storeys  and 
later  up  to  4-5  storeys,  designed  for  seismic  intensity  9 
according  to  MSK-64  scale. 

The  brief  survey  above  shows  that  the  large-panel 
buildings  are  widely  applied  in  the  majority  of  European 
countries  either  in  seismic  or  in  non-seismic  regions. 

That  is  why  the  respective  countries  are  obliged  to  work 
out  for  this  type  of  construction  such  requirements  which 
could  assure  the  buildings  for  expected  seismic  excita¬ 
tions. 


2.  BASIC  STRUCTURAL  CONFIGURATIONS  OF  LARGE- 
PANEL  SYSTEMS 

There  exist  in  the  literature  some  distinctions  in 
the  description  of  the  ‘different  basic  structural  confi¬ 
gurations  for  construction  of  large-panel  buildings.  In 
the  present  lecture  we  stand  by  preferably  to  the  descrip¬ 
tion  given  in  "Design  and  Construction  of  Prefabricated 
Reinforced  Concrete  Building  Systems,  UNDP/UNIDO  Project 
RER/79/015,  Vol.2,  Vienna, 1985". 

Prefabricated  large-panel  systems  are  used  meinly  for 
residential  buildings.  The  designation  "large-panel  system" 
is  applied  to  structures  composed  of  large  concrete  panels 
which  are  connected  in  the  vertical  and  horizontal  direc- 
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tions  so  that  the  wall  panels  enclose  appropriate  size 
spaces  for  the  rooms  of  the  building.  The  panels  form 
the  structural  system.  Prefabricated  wall  pa.. els  are  usu¬ 
ally  one-storey  in  height  and  in  general  both  horizontal 
and  vertical  joints  exist  between  the  panels.  The  hori¬ 
zontal  floor  and  roof  panels  usually  consist  either  of 
one-way  spanning  prefabricated  slab  elements  or  of  two- 
way  spanning  elements  of  the  size  of  the  relevant  room. 
When  properly  connected  together  the  horizontal  elements 
act  as  diaphragms,  tranf erring  the  earthquake  loads  to 
the  walls,  in  addition  to  resisting  the  gravity  loads. 

Three  basic  configurations  are  used  for  large-panel 
buildings: 

a) ;  Cross-Wall  System.  The  walls  bearing  the  gravity  loads 

in  the  cross-wall  system  are  placed  perpendicular  to 
the  longitudinal  axis  of  the  building  (Pig. la) .These 
cross-walls  provide  resistance  to  horizontal  seismic 
loads  in  their  direction  and  support  the  gravity  loads 
from  one-way  spanning  floor  and  roof  elements.  Walls 
not  bearing  gravity  loads  are  placed  parallel  to  the 
longitudinal  axis  of  the  building  to  provide  resis¬ 
tance  to  horizontal  seismic  loads  in  that  direction. 

b)  Long-Wall  System.  The  walls  bearing  gravity  loads  in 
the  long-wall  system  are  placed  parallel  to  the  longi¬ 
tudinal  axis  of  the  building  (Pig. 1b).  The  long  walls 
provide  resistance  to  horizontal  seismic  loads  in 
their  direction  and  support  the  gravity  loads  from 
one-way  spanning  floor  or  roof  elements.  Walls  not 
bearing  gravity  loads  are  placed  perpendicular  to  the 
longitudinal  axis  of  the  building  to  provide  resis¬ 
tance  to  horizontal  seismic  loads  in  that  direction. 

c)  Two-Way  System.  The  walls  bearing  gravity  loads  in  the 
two-way  system  are  placed  both  perpendicular  and  paral¬ 
lel  to  the  longitudinal  axis  of  the  building  (Pig.lc). 
These  walls  provide  resistance  to  horizontal  seismic 
loads  in  both  directions  and  support  the  gravity  loads 
from  two-way  spanning  floor  or  roof  elements. 

Nowadays  in  the  mass  construction  of  the  majority 
of  the  European  countries  is  applied  predominantly  the 
configuration  (a),  as  well  as  the  configuration  (c).The 
most  wide-spread  distances  between  the  bearing  transverse 
walls  are  3  and  3,6  m. 

The  buildings  constructed  by  the  mentioned  mass- 
applied  structural  systems  represent  rigid  space  struc¬ 
tures  capable  to  beqr  different  static  said  dynamic  loads. 
That  is  why  such  buildings  are  successfully  applied  in 
complex  geological  conditions  and  in  regions  of  7,8  and 
9  MSK  seismicity. 


the 
re- 
They 
rein- 
gene¬ 
ral  re quirement s  for  the  reinforced  concrete  buildings  with 
shear  walls  though  in  these  requirements  the  characteris¬ 
tic  features  of  the  large-panel  buildings  are  not  taken  in¬ 
to  account.  According  to  these  general  design  requirements 
the  lay-out  of  the  structures  as  well  as  the  positioning 
of  the  load  bearing  walls  should  comply  with  the  following 
provision^  : 

a) In  the  town  planning,  and  architectural  planning 
buildings  with  simple  configuration  in  plan  (square,  rect¬ 
angular,  multiangular,  round,  etc.)  should  be  provided. 

b) The  mass-  and  stiffness  distribution  should  be  uni¬ 
form.  The  centre  of  masses  to  coincide  with  or  to  be  with 
minimal  deviation  towards  the  stiffness  centre  of  the  ver¬ 
tical  diaphragns. 

c) The  gravity  load  of  the  buildings  to  be  decreased 
inclusively  by  application  of  light  effective  materials. 
Heavy  roofs,  cornices,  etc.  causing  mass  increase  in  the 
higher  parts  of  the  building  should  be  avoided. 

Aeeismic  joints  are  provided  with  the  purpose  of  sepa¬ 
rating  various  parts  of  the  building  with  different  dyna¬ 
mic  characteristics  in  order  to  allow  them  to  oscillate  in¬ 
dependently  when  excited  by  seismic  ground  motion.  The 
width  of  the  joints  has  to  be  established  stipulating  that 
during  the  earthquake  the  building  parts  separated  by  the 
joints  do  not  affect  each  other  by  collision  during  the 
out-Of -phase  oscillations. 

For  example,  the  Bulgarian  code  prescribes  : 

a)  When  the  floor  structures  of  the  separate  building 
parts  are  designed  on  different  levels  it  is  necessary 
aseismic  joints  to  be  provided. 

b) The  maximal  length  of  a  block,  if  no  special  addi¬ 
tional  requirements,  is  limited: 

-  for  normal  ground  conditions  -  not  more 

than  the  length  of  three  sections  but  no  more 
than  60  mt 

-  for  loess  and  other  weak  soils  -  not  more  than 
the  length  of  two  sections  but  not  more  than 
40  m. 

c) The  width  of  the  aseismic  joint  is  accepted  as  1/250 
part  of  the  building  heigth  but  not  less  than  3  cm. 

d) fhe  aseismic  joints  should  start  from  the  upper  edge 
of  the  foundation  and  prooeed  along  the  whole  height  of  the 
building.  If  the  aseismic  joint  coincides  with  the  dilata- 
tional  one  it  should  pass  also  through  the  foundations. 


3.  MORE  IMPORTANT  GENERAL  REQUIREMENTS  FOR 
CONSTRUCTION  OF  BUILDINGS  IN  SEISMIC 
REGIONS  VALID  ALSO  FOR  CONSTRUCTION  OR 
LARGE-PANEL  BUILDINGS 

The  majority  of  seismic  building  codes  including 
standards  adopted  by  CEB til  do  not  provide  particular 
quirementa  for  panel  structures •  design  and  building, 
are  treated  in  the  same  way  as  the  other  contemporary 
r.<mcrete  buildinas  and  have  to  comply  with  the 


The  Soviet  code  [l<3]  prescribes  the  following  : 

a>Bnildings  and  structures  are  separated  by  aseismic 
joints  when  having  complex  configuration  in  plan  or  when 
the  separate  adjoining  parts  of  the  building  have  a  dif¬ 
ference  in  height  5  m  or  more.  Ho  aseismic  joints  are  ne¬ 
cessary  for  one-storey  buildings  in  seismic  regions  of 
seismicity  7. 

b) The  distances  between  the  aseismic  joints  for  large- 
panel  buildings  should  not  excede  80  m  in  regions  of  seis¬ 
micity  7  and  8  and  60  m  in  regions  of  seismicity  9. 

c) The  width  of  the  joints  is  determined  by  calculation 
but  minimal  recommended  values  are  :  not  less  than  30  m 
for  buildings  up  to  5  m  height  and  additionally  20  mm  for 
every  additional  5  m  iu  height. 

The  Romanian  code  [5}  prescribes  : 

a) As  a  rule  the  aseismic  joints  should  separate  : 

-  parts  of  the  building  with  considerable  height- 
mass-  or  stiffness  differences? 

-  parts  of  the  building  with  different  floor  le¬ 
vel; 

-  parts  of  the  building  with  excentric  relative 
position  being  thus  stressed  unfavourably  during  the  out- 
of-phase  oscillations. 

b) The  joint  width  has  to  be  calculated  according  to 
the  code  in  force  (formula  is  given)  but  it  should  not  be 
smaller  than  4  cm  for  a  superstructure  and  2  cm  for  a  sub¬ 
structure  . 


4.  more  important  specific  requirements  for 

DESIGN  AND  CONSTRUCTION  OF  LARGE-PANEL 
,  BUILDINGS  IN  SEISMIC  REGIONS 

In  addition  to  the  general  requirements  some  of  the 
seismic  building  codes  provide  specific  requirements  for 
the  large-panel  buildings  taking  into  account  their  spe¬ 
cific  peculiarities.  They  are  given  hereafter. 

The  building  must  have  sufficient  number  of  panel  ele¬ 
ments:  capable  to  bear*  the  horizontal  loadings  in  both  or¬ 
thogonal  directions.  There  is  often  a  case  in  panel  struc¬ 
tures  when  Idle  number  of  panels  in  transverse  direction  is 
sufficient  while  the  number  of  longitudinal  panels  is  not; 
thia  is  a  frequent  case  in  panel  buildings  where  facade 
elements  are  not  bearing  ones. 

Panels  must  extend  along  the  height  of  the  building 
uninterruptedly.  Substitution  of  panel  elements  by  columns 
on  certain  storeys  is  prohibited.  A  tendency  exists  among 
architects  to  free  the  ground  floor  and/or  the  basement  of 
the  unwanted  panels  and  substitute  them  by  column  elements 
since  different  functions  are  assigned  to  these  spaces  as 
compared  with  the  higher  storeys.  Such  a  substitution  may 
be  tolerated  if  the  remaining  panels  are  able  to  bear  the 
total  seismic  loading  and  if  their  stiffness  is  satisfac¬ 
tory.  Special  attention  should  be  paid  to  columns  taking 
the  places  of  panels  since  they  may  be  acted  upon  by  highly 
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unfavourable  loads.  However,  it  is  a  vary  dangerous  practi¬ 
ce  to  replace  all  panel  elements  by  columns  in  one-storey 
and  it  should  not  be  approved. 

The  most  responsible  details  of  the  large-panel  buil¬ 
dings  are  the  connections  of  the  panels.  They  are  perfor¬ 
med  along  the  horizontal  and  the  vertical  Joints  between 
the  panels.  They  had  their  way  of  development  depending  on 
the  experience  accumulated  during  the  assemblage  and  ex¬ 
ploitation  of  the  buildings  as  well  as  on  the  results  of 
research  work. 

The  main  purpose  of  the  connections  between  the  pre¬ 
fabricated  elements  of  the  large-panel  structures  is  that 
their  structural  elements  (i.e.  bearing  walls  and  horizon¬ 
tal  diaphragms  built  up  from  individual  panels)  should 
achieve  as  nearly  as  possible  a  monolithic  behaviour.  That 
is  why  the  specialists  of  each  country  where  large-panel 
buildings  are  built  in  seismic  regions  pay  particular  at¬ 
tention  to  the  design  and  performance  of  the  connections. 

As  an  illustration  some  generalized  recommendations  by  Ro¬ 
manian  specialists  are  given  hereafter  : 

a)  The  connections  must  be  of  the  "wet"  type  by  cas¬ 
ting  in  situ  concrete  within  the  joints  between  the  pre¬ 
fabricated  panels. 

b)  The  connections  should  be  detailed  as  to  be  able 
to  support  all  the  internal  forces  obtained  in  the  respec¬ 
tive  regions  from  the  structural  analysis. 

,  c)  The  transmission  of  the  internal  forces  from  one 

panel  to  the  other  through  the  joint  must  be  distributed 
along  the  whole  connection,  avoiding  the  concentration  of 
stresses  that  could  have  undesirable  effects  during  seis¬ 
mic  movement. 

d)  The  vertical  connections  (monolithic  concrete  is 
cast  into  the  vertical  space  between  the  wall  panels) 
should  provide  horizontal  links  between  the  wall  panels. 

e)  The  horizontal  connections  (concrete  is  cast  in 
situ  into  the  horizontal  space  between  panels)  must  pro¬ 
vide  vertical  links  between  slab  panels  and  final  connec¬ 
tion  between  the  bearing  walls  and  the  horizontal  diaph¬ 
ragms  of  the  structure. 

f)  Subjected  to  shear  forces,  the  joints  should  have 
an  elastOplastic  behaviour  allowing,  before  failure,  re¬ 
lative  large  displacement  between  the  two  panels  without 

an  important  loss  of  shear  strength.  Under  the  design  shear 
forces  the  joints  should  have  an  elastic  behaviour. 

g)  Since  the  connections  between  the  prefabricated 
panels  are  undoubtedly  the  regions  of  greatest  seismic 
difficulties,  the  design  forces  transferred  through  the 
joints  should  be  determined  using  greater  safety  coeffi¬ 
cients  than  for  the  rest  of  the  structure. 

A  lot  of  other  specialists  from  the  European  count¬ 
ries  have  drawn  similar  conclusions  concerning  the  connec¬ 
tions  in  the  large-panel  buildings. 

Having  in  mind  the  importance  of  the  connections  for 
the  large-panel  buildings  special  instructions  [15]  for 
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their  design  are  in  force  in  Bulgaria.  Aa  an  illustration 
in  Appendix  1  is  given  the  method  for  calculation  of  the 
connections  along  the  horizontal  joints  of  vertical  dia¬ 
phragms.  An  other  method  £18}  is  given  in  Appendix  2. 

Other  specific  requirements  according  to  the  codes 
of  some  countries  are  given  hereafter. 

Bulgaria 

According  to  the  Bulgarian  codes  [10,  Til  the  more 
Important  specific  requirements  are  : 

1 .  It  is  recommended  the  vertical  diaphragms  to  be 
constructed  so  that  the  ratio  of  their  maximal  rigidity 
to  the  minimal  one  to  be  not  more  than  2. 

2.  The  height  of  the  large-panel  buildingB  for  the 
seismicity  of  the  respective  region  has  to  be  determined 
by  calculation  on  the  basis  of  bearing  capacity  and  defor¬ 
mations. 

3.  When  cheking  the  deformations  it  is  recommended  the 
calculated  horizontal  displacement  of  the  building  at  the 
uipper/roof/  slab  level  to  be  not  more  than  1/750  part  of 
the  building  height.  The  maximal  relative  floor  deviation 
should  not  exceed  1/500  part  of  the  floor  height. 

4.  In  large-panel  buildings  with  bearing  facade 
walls  it  is  prohibited  to  design  stores  and  other  public 
premises  if  it  causes  change  of  the  structural  scheme  or 
leads  to  changes  in  configuration  of  vertical  of  horizon¬ 
tal  bearing  structures. 

5.  Partial  or  full  elimination  of  suspended  facade 
panels  in  one  or  more  storeys  is  permitted. 

6.  Special  attention  should  be  paid  to  the  design  of 
blind  walls  since  they  are  loaded  by  the  floor  structures 
on  one  side  only.  Except  the  connections  of  wall  panels 
along  the  height  it  Is  compulsory  to  perform  also  a  relia¬ 
ble  tie  between  the  blind  wall  elements  and  the  floor  st¬ 
ructure  elements  at  every  storey.  Such  b  tie  should  be  pro¬ 
vided  also  between  the  blind  walls  and  the  walls  in  the 
other  direction  of  the  building. 

7.  The  width  of  openings  in  blind  walls  /windows, etc/ 
should  not  exceed  1/2  of  the  panel  width. 

8.  The  reinforcement  of  vertical  panels  for  taking 
out  the  lateral  earthquake  loading  should  proceed  uninter— 
ruptedly  throughout  the  whole  height  of  the  building  and 
through  the  basement  walls  up  to  the  lower  end  of  the  st¬ 
rip  foundations  or  foundation  plate. 

9.  When  designing  floor  structures  it  is  necessary  to 
keep  the  following  s 

-  to  avoid  weakening  of  slab  diaphragm  by  openings 
or  cuttings  /for  staircases,  etc./  exceeding  50%  of  the 
diaphragm  cross  section; 

-  the  floor  panels  to  be  designed  with  maximal  di¬ 
mensions  complied  with  the  transport  and  assemblage  possi— 
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bilities.  Their  width  is  recommended  to  be  not  less  than 

H  cm,  ^  assembiage  and  the  connection  of  the  floor 
panels  should  lead  to  an  integrated  rigid  floor  diaphragm. 
The  bearing  capacity  of  the  floor  panel  connections  in  the 
weaked  section  of  the  floor  diaphragm  should  be  proved  by 
calculation; 

-  in  regions  of  seismicity  8  and  9  it  is  recommen¬ 
ded  the  floor  diaphragms  to  be  fenced  along  the  contour  by 
continuous  steel  ties  passing  through  the  floor  panels. 

10.  Special  attention  should  be  paid  to  the  design  of 
welding.  When  calculating  the  welding  of  elements  the  de¬ 
termined  earthquake-  inner  forces  must  be  increased  by  25%. 
Design  of  connections  the  weldings  of  which  are  loaded  in 
tension  perpendicular  to  the  .toint  length  is  not  allowed. 

In  1985  was  completed  the  work  on  the  new  Code  for 
construction  in  earthquake  regions  [12j,  It  came  into  for¬ 
ce  in  the  beginning  of  1987. 

While  keeping  the  requirements  of  the  1964  Code  and 
the  additional  1972  Instructions,  the  new  Code  contains 
also  some;  new  principles  and  requirements  for  large-panel 
buildings.  Some  of  them  are  : 


1 .  The  maximal  accepted  height  of  the  buildings  in  re¬ 
gions  of  seismicity  7,  8  and  9  is  respectively  12  storeys 
/39m/,  9  storeys  /30  m/  and  9  storeys  /30  m/. 


2.  In  order  a  high  quality  of  the  connections  between 
the  elements  to  be  assured  it  is  recommended  for  them  to 

be  approved  by  a  report  signed  by  the  chief  technical  mana¬ 
ger  of  the  construction  site  and  the  representative  of  the 
investor's  control.  The  connections  could  be  covered  only 
after  completing  this  procedure. 

3.  The  cantilever  protruding  of  floor-  and  roof  struc¬ 
tures  when  they  are  on  one  and  the  same  level  with  the  floor- 
o r  roof  structures  /except  the  oriels/  should  not  exceed 
1,80  m.  for  regions  of  seismicity  7  and  1,50  m.  -  of  seis¬ 
micity  8  and  9. 


4.  If  the  cantilever  protruding  parts  and  the  floor- 
or  roof  structures  are  at  different  levels  the  maximal  ac¬ 
ceptable  protruding  is  1,20  m. 

5.  Oriel  protrudings  are  allowed  up  to  1  m. 


Czechoslovakia 

The  Czechoslovak  standard  CSN. 730036  [3]  does  not 
comprise  any  specific  clauses  concerning  structures  erec¬ 
ted  of  large  precast  panels. 


Romania 

According  to  the  Romanian  code  [6,7 J  some  of  the  spe¬ 
cific  requirements  are  : 

1.  The  number  of  overground  levels  of  buildings  with 
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structures  made  of  large  panels  should  be  limited  as  fol- 

l0WS  1  _  for  regions  of  seismicity  6,  7  and  8  -  maximum 

-  f  or^regions^of** seismicity  9  -  maximum  5  levels 

These  limitifcould  be  reduced  according  to  the  specific  lo¬ 
cal  conditions  (nature  of  ground,  etc.). 

2.  The  stiffness  of  the  structure  along  the  longitudi¬ 
nal  and  transversal  axes  of  the  buildings  must  be  as  close 
as  possible,  leading  to  close  natural  periods  of  vibrations 
and  to  similar  behaviour  along  the  both  axes. 

3.  The  arrangement  of  the  bearing  walls  of  different 
stiffness  degrees  should  be  as  symmetric  as  possible  in  or¬ 
der  to  minimize  the  general  torsional  response  of  the  buil¬ 
dings. 

4.  The  bearing  walls  must  be  continuous  along  the 
height  of  the  building,  directly  transmitting  the  vertical 
loads  to  the  foundations. 

5.  The  wall  openings  (typical  for  doors  and  windows) 
must  be  arranged- in  rows  along  the  height  of  the  diaphragms. 


6.  The  shear  walls  must  be  stiffened  by  the  connection 
with  the  floor  diaphragms  forming  T,  L  elements  in  order  to 
delimitate  the  buckling  effect  of  the  free  edges  where  there 
may  appear  strong  compressions  due  to  the  combined  action 
of  the  horizontal  and  gravity  loads. 


7,  The  lay-out  of  the  floor  diaphragms  must  be  carried 
out  considering  the  following  requirements  : 

-  the  gravity  loads  must  be  transmitted  as  directly 
as  possible  to  the  structural  walls; 

-  the  floors  of  the  structure  must  act  as  rigid  in¬ 
plane  floor  diaphragms  able  to  transmit  and  distribute  the 
seismic  inertia  forces; 

-  the  openings  into  the  floors  for  elevator-  and 
staircases  should  not  affect  essentially  the  rigidity  and 
the  strength  of  the  floor  diaphragms. 


0.  The  shear  walls  should  be  continuous  along  the 
whole  length  and  width  of  the  transom  between  two  joints. 
In  this  way  the  rigidity  and  the  strength  of  the  building 
are  increased. 


9.  The  distance  between  shear  walls  should  not  exceed 
7,20  m  in  any  direction. 

10.  All  panels  of  bearing  walls  and  floors  as  well  as 
the  joints  must  be  manufactured  of  the  same  type  of  conc¬ 
rete  (normal  concrete  or  lightweight  concrete  with  granula¬ 
ted  aggregates)  ensuring  thus  the  homogeneity  of  the  mate¬ 
rial  the  shear  walls  are  made  of.  Use  of  different  type  of 
concrete  could  be  allowed  to  maximum  five-storey  buildings 
and  only  after  having  performed  all  the  necessary  lab  tests 
and  calculations. 


11.  Taking  into  account  the  important  role  of  lintels 


-iO- 


when  taking  over  efforts  resulted  out-  of  seismic  stresses 
and  when  dissipating  energy, the  internal  wall  panels  with 
openings  for  doors  should  be  provided  with  lintels  properly 
reinxorced. 

USSR 

In  the  operative  now  Soviet-  codes  for  construction  in 
seismic  regions  are  given  also  recommendations  related  only 
to  large-panel  buildings.  They  are  as  follows: 

1.  Por  construction  in  seismic  regions  of  seismicity 
7,8  and  9  are  permitted  the  following  respective  heights: 

14  storeys  (45  m),  12  storeys  (39  m),and  9  storeys  (30  m). 

2.  Large-panel  buildings  should  be  designed  with  lon¬ 
gitudinal  and  transversal  panels  joined  one  another  and 
with  the  floor  structure  so  as  to  perform  a.  whole  space 
system  taking  up  the  seismic  loads. 

3.  Special  attention  is  paid  by  the  codes  also  to  the 
obtaining  of  the  necessary  stiffness  of  floor-  and  roof 
structures.  It  is  recommended  to  do  it  by  respective  connec¬ 
tions  between  the  elements  of  the  floor  (or  roof)  structure 
and  pouring  cement  grout  in  the  joints  between  elements. 

The  lateral  surfaces  of  floor-  and  roof  elements  should  not 
be  flat  but  roughed  accordingly  and  there  should  be  provi¬ 
ded  the  necessary  steel  bonds  to  tie  up  all  adjoining  ele¬ 
ments  in  a  whole  rigid  structure. 

4.  As  a  rule  the  wall-  and  floor  elements  should  be 
room  sized.  The  connections  between  the  walls  and  between 
the  floor  elements  should  be  performed  by  welding  the  steel 
bars  sticking  out  of  the  panels  and  anchoring  details,  as 
well  by  filling  the  vertical  and  horizontal  contours  of  the 
elements  by  fine-grain  concrete  of  reduced  drying-up.  In 
the  sticking  areas  of  the  floor  elements  and  outer  walls  of 
the  building  it  is  required  to  perform  connections  by  wel¬ 
ding  the  steel  bars  sticking  out  of  the  floor  elements  and 
the  vertical  reinforcement  of  wall  elements. 

5.  The  design  of  the  horizontal  connections  should 
assure  the  taking  up  of  the  respective  inner  forces.  The 
necessary  cross  section  of  the  metal  bonds  in  the  places 
between  the  panels  £s  determined  by  calculation  but  it  has 
to  be  at  least  1  cnr  for  each  meter  of  the  horizontal  joint. 
A  cross  section  of  not  less  than  0,5  cnr  for  each  meter  is 
permitted  for  buildings  of  5  or  less  storeys  in  regions  of 
seismicity  7  and  8. 

6.  The  wall  panels  reinforcement  should  be  performed  as 
space  skeletons  or  as  welded  reinforced  nets. 

7#  Por  the  non-bearing  elements  such  as  partition  pa¬ 
nels  it  is  recommended  for  them  to  be  light  and  as  a  rule  - 
large  panels  joining  with  the  bearing  vertical  elements 
(walls, columns)  and  if  longer  than  3m-  with  the  floor  ele¬ 
ments.  Application  of  non-bearing  partitions  of  hand-made 
brick  masonry  in  buildings  taller  than  5  storeys  is  not  per¬ 
mitted. 

8.  In  cases  of  sandwich  outer  walls  the  thickness  of 


the  Inner-  bearing  concrete  layer  has  to  be  not  less  than 
100  ran. 

9»  Alec  y the  walls  should  be  continuous  along  the  whole 
width  and  length  of  the  building. 

10.  Loggias  should,  as  a  rule,  be  fitted  into  the  out¬ 
line  of  the  building,  not  sticking  out  and  their  length 
being  equal  to  the  distance  between  the  adjacent  walls. 
Reinforced  concrete  frames  should  be  performed  in  the  faca¬ 
de  plane. 

It.  Performance  of  oriels  ia  not  allowed. 


Standard  documents  in  other  countries 


Ve  had  not  the  opportunity. to  make  acquainted  with 
standard  documents  of  other  countries  related  entirely  to 
the  large-panel  building  construction  in  seismic  regions. 
But,  there  exist  some  individual  documents  giving  instruc¬ 
tions  only  on  some  of  the  problems  of  large-panel  building 
construction  in  such  regions.  Por  example,  in  [17]  a  Guide 
Text  for  Proportioning  of  Horizontal  and  Vertical  Joints 
is  given.  It  comprises  some  recommendations  with  respective 
'  formulae  mainly  for  design  of  connections  under  the  action 
of  different  forces. 

5.  CONCLUSIOH 

The  first  large-panel  buildings  in  seismic  regions 
have  been  designed  and  constructed  mainly  on  the  basis  of 
the  general  codes  for  construction  in  seismic  regions  and 
thanks  to  the  initial  pioneer  investigations  of  the  specia¬ 
lists  in  different,  countries.  How  there  are  already  in 
some  countries  special  standard  documents  assuring  the 
seismic  resistance  of  large-panel  buildings.  Some  more  im¬ 
portant  general  as  well  as  specific  requirements  and  regu¬ 
lations  of  these  documents  are  given  in  these  lecture  notes* 

Special  attention  in  the  design  and  construction  of 
large-panel  buildings  in -seismic  regions  should  be  paid  to 
the  connections  since  they  are  very  important  for  the  assu¬ 
rance  of  the  neoessary  seismic  resistance. 

The  fast  development  of  the  large-panel  building  con¬ 
struction  in  seismic  regions  up  to  now  was  related  as  a 
necessity  to  an  intensive  theoretical-experimental  research. 
Many  of  the  results  obtained  reflected  in  the  standard  do¬ 
cuments  and  the  others  helped. the  solution  of  a  lot  of  par¬ 
ticular  design  and  construction  problems.  This  activity  is 
to  be  continued. 

The  most  significant  contribution  to  the  development 
of  the  large-panel  construction  in  seismic  regions  is  due 
to  the  efforts  of  the  specialists  of  every  individual  coun¬ 
try.  There  has  been  realized  also  bilateral  or  multilateral 
cooperation  in  different  forma.  It  will  be  desirable  this 
international  cooperation  to  be  furthered  along  with  the 
furthering  the  activities  of  the  EAEE. 
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Appendix  1 


CALCULATION  OP  CONNECTIONS  ALONG  THE 
HORIZONTAL  JOINTS  OP  VERTICAL  DIA¬ 
PHRAGMS  [133 


In  structural  aspect  the  building  is  regarded  as  a 
combination  of  vertical  and  horizontal  diaphragms  (fig. 2). 
The  most  frequent  cases  of  elastic  connections  application 
will  be  considered  (fig. 3). 

The  dowels  (connections)  calculation  is  performed  for 
efforts  caused  by  bending  moments  M, normal  forces  N  and 
shear  forces  Q.,  aoting  on  the  respective  horizontal  joint. 

Depending  on  the  place  of  the  dowels  (connections)  in 
the  horizontal  joints  the  following  three  esses  of  loading 
are  possible  (fig. 4);  pure  shear,  shearing  and  pressure, 
and  shearing  and  tension.  For  these  three  cases  the  calcu¬ 
lation  of  one  separate  dowel  (fig. 5)  is  performed  as  follows 

a)  Pure  shear 

In  this  case  the  calculation  is  performed  by  the  for¬ 
mula: 

Q. «  [Q.]  =  i/V  (*.’  «) 

where  Q  is  the  shear  force, in  daN,  acting  on  the  dowel  in 
absence  of  normal  forces; 

[Q  J-  shear  force,  in  daN,  that  the  dowel  could  bear 
in  absence  of  normal  forces; 

R_  -  prismatic  pressure  strength  of0the  concrete 
p  filled  in  the  dowel,  in  daN/ car; 
b  and  1  -  width  and  length  of  the  dowel,  in  cm; 

F  -  cross  section  ofpthe  choosed  reinforcement  of 
the  dowel,  in  on \  (it  is  related  to  a  reinfor¬ 
cement  of  bars  with  round  section  placed  per¬ 
pendicularly  to  the  shear  force  Q  ); 

-  reinforcement  percentage  ° 

z'  =  Tt 100  6  ; 

2e  -  distance,  in  cm,  between  the  edges  of  the  con- 
nected  panels. 


b)  Shearing  and  pressure 


In  this  case  the  following  formula  is  used: 


where 


is  the  shear  foroe,  in  daN,  acting  on  the  dowel 
in  presence  of  normal  -iressure  forces; 

-  shear  force,  in  daN,  that  the  dowel  could  beer 
in  presence  of  normal  pressure  forces; 


Np  -  pressure  force,  in  daN,  acting  on  the  dowel. 


c)  Shearing  and  tension 

In  this  case  the  following  formula  is  used: 


<ir*  EM 


>:  o 


(3) 


where  Qt_  is  the  shear  force,  in  daN,  acting  on  the  dowel 
•  -  In  presence  of  normal  tension  forces; 

[QjJ-  shear  force,  in  daN,  that  the  dowel  could  bear 
L  w  in  presence  of  normal  tension  forces; 

tension  force,  in  daN,  acting  on  the  dowel; 


»tr 

Rr  - 


tension  strength  of  the  reinforcement,  in 
daN/ cm  . 


The  formulae  (1)  and  (2)  are  valid  when  the  dowel  reinforce¬ 
ment  is  anchored  in  the  panels  hot  less  than  30d,  and  the 
formula  (3)  -  when  the  reinforcement  bearing  the  tension 
forces  passes  along  the  entire  height  of  the  vertical  dia¬ 
phragms  and  is  reliably  anchored  in  the  foundation. 


For  determining  N  by  the  formula  (2)  and  N^.  by  the  formula 
(3)  the  following*^ expression  Is  used  (fig. 5^ 


m* » 


M 


where  IT,  is  the  pressure  force  N  or  tension  force  N.  of 
1  the  i-th  dowel;  p  tr 

U  and  N  -  bending  moment  and  normal  force  acting  on 
the  given  section  of  the  diaphragm; 
a., a  -  distance  from  the  i-th  and  the  m-th  dowels  to 
1  the  central  axis  of  the  section; 

n  -  number  of  dowels  in  the  given  diaphragm  section. 

The  expression  (4)  is  used  when  M  <0,3h  N.  when  M?iO,3hftN 
other  more  complicated  expressions  are  used  for  determining 
N. .  Owing  to  the  limited  space  these  expressions  are  not 
given  in  this  lecture. 


APPENDIX  2 


SOME  REQUIREMENTS  POR  THE  CONNECTIONS  OP  LARGE- 
PANEL  BUILDINGS  CONSTRUCTED  IN  SEISMIC  REGIONS  18 


Although  this  document  is  only  a  project,  it  contains 
several  interesting  requirements  attracting  the  specialists* 
attention.  We  shall  consider  hereafter  only  some  of  them, 

1 .  In  principle  the  connections  should  be  of  dowel 
type  (continuous  or  discontinuous).  Exception  is  allowed 
only  for  connections  along  the  horizontal  joints  if  they  are 
entirely  pressed.  It  is  recommended  however  a  transversal 
reinforcement  to  be  assured  in  all  cases. 

2.  The  minimum  reinforcement  quality  for  walls  with 
horizontal  connections  entirely  pressed  is  0,1%  and  if  part¬ 
ly  pressed  -  0,25%  of  the  wall  cross  section  respectively. 

3.  The  reinforcement  anchorage  length  should  be  increa¬ 
sed  with  50%  as  compared  to  construction  in  nonseismic  re¬ 
gions. 

4.  The  floor  slabs  should  be  connected  with  reinfor¬ 
cement  passing  through  continuously  over  the  supports.  The 
reinforcement  percentage  is  not  fixed. 


5.  The  filling  concrete  can  be  of  one  grade  lower  than 
that  of  the  connecting  elements. 

6.  The  design  of  the  connections  is  performed  bv  the 

formula:  o  i  o  4 

A ve  =  * '  AC>  ^  ’ 

where  Rjs  is  the  shear  strength  for  construction  in  seismic 
regions; 

Rjv- the  shear  strength  given  by  the  respective  formu- 
la  for  construction  in  nonseismic  zones; 

(Jdl-the  additional  safety  coefficient.  It  is  accepted 
of  value  1,15  for  vertical  connections  and  for  ho- 
nzontal  completely  pressed  ones,  and  of  1  f40  for 
horizontal  partly  pressed  connections; 

>  -a  coefficient  depending  on  the  place  and  the  sup¬ 
posed  work  of  the  connection  during  earthquakes. 
F?r  connections  located  outside  the  supposed  local 
pi  a  b  tifi  cation  zones  J  =0,8  and  for  those  located 
in  such  zones  0,8.  A  formula  for  determining 
this  coefficient  is  given. 

A\it  the  design  strengths  of  connections  in 

are  ooneiderably  lower  than  those  for 
normal  exploitation  in  nonseismic  regions 
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SUMMARY 

Holzer's  method  and  Holzer-ltyklestad' s  method  have  been  very  useful,  vhen 
response  to  harmonic  loads  should  be  calculated.  When  the  basic  principles  of 
these  methods  are  combined  with  the  basic  principles  of  Nevmark's  6-method  corre¬ 
sponding  to  constant  acceleration,  a  simple  method  is  established,  vhich  permits 
earthquake  response  calculations  to  be  carried  out  on  microcomputers .  Mass- 
eccentricities  are  taken  into  account. 

Using  the  method,  computer  programmes  are  not  very  difficult  to  formulate, 
and  the  need  for  computer  space  is  rather  limited.  It  is  easy  to  follow  the  cal¬ 
culations,  since  the  shear  forces  and  the  moments  are  currently  calculated. 


INTRODUCTION 

The  impact  of  mass  eccentricities  upon  the  forces  in  structures  subjected 
to  seismic  actions  is  generally  recognized,  and  modern  codes  present  rules  con¬ 
cerned  with  this  problem,  see  e.g.  the  draft  proposal  of  Eurocode  8  £ 1 ] . 

For  certain  types  of  structures  with  eccentric  masses,  Holzer's  method  has 
been  shown  to  be  suitable,  when  free  vibrations  or  response  to  harmonic  loading 
or  harmonic  ground  motion  should  be  calculated,  Ilyrbye  [2].  In  Holzer's  method, 
two  kinds  of  equations  are  used: 

1)  The  deflections  of  story  No.  j  equal  the  deflections  of  story  No.  (j-l) 
plus  a  flexibility  matrix  times  the  sectional  forces  between  the  two  storys. 

2)  The  sectioncal  forces  above  story  No.  j  equal  the  sectional  forces  below 
story  No.  j  plus  the  mass  matrix  times  the  accelerations  of  the  story. 

When  the  system  performs  harmonic  vibrations,  the  accelerations  are  propor¬ 
tional  to  the  deflections  and  this  is  essential  to  Holzer's  method. 


When  a  structure  is  subjected  to  an  earthquake,  the  ground  motion  is  not 
harmonic,  and  quite  complicated  motions  will  take  place,  and  it  then  becomes 
logical  to  find  the  motions  by  some  kind  of  numerical  integration.  An  attractive 
method  in  this  respect  is  Nevmark's  6-method,  Nevmark  [3l»  by  which  the  motions 
•are  calculated  at  times  ...  t  , ,t  ,t  , ,  ...  ,  with  constant  time  intervals 
t  ■  -t  -+  ~  **■  * 

T0  ^r  r-1  * 


In  Rewmark'a  method,  assumptions  are  made  about  the  variation  of  accelera¬ 
tions  in  the  time  intervals  t  .  <  t  <  t  .  It  has  been  shown  by  Dyrbye  £U] 
that  for  a  framed  structure  with  central  mas s  distribution  and  the  assumption 
of  constant  acceleration  in  each  time  interval,  it  becomes  possible  to  perform 
the  calculations  using  almost  the  same  types  of  equations  as  were  used  in 
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Holzer's  method,  and  that  the  accuracy  of  the  calculations  is  satisfactory.  The 
same  principles  have  been  extended  to  frames  with  eccentricities  in  the  mass 
distribution,  Magnus son  [5]. 

The  paper  describes  the  calculation  principles  and  some  results  for  3  and 
6  story  buildings  subjected  to  a  simulated  ground  motion  are  presented. 


GROUND  MOTION 


In  the  examples  presented,  the  ground  acceleration  a(t)  is  a  realization 
of  a  stochastic  process  vith  the  spectral  density  given  by 


(u/uA k 


S  (w)  -  -T 

1 +(«/«„ )4 


Sju) 


(1) 


vhere  S^,(u)  is  an  approximation  to  the  Tajimi  spectrum. 


2in  (l-cosuTrt)2 

SJA  -  ~  0 

T  '  v 


l+l*C2(w/«  )2 

_ B _ & _ 


(wt0)4  (l-(w/wg)2)2 +  l»t2(ui/ug)2 


(2) 


<■>  is  the  angular  frequency,  u  ■  2irf  ,  f  is  the  frequency  in  Hz.  Tq  is  the 
time  step,  u  and  wQ  are  frequencies  and  c  is  a  dashing  ratio.  S  (w)  is 
preferred  ingorder  to  avoid  troubles  vith  low  ^frequency  contents  of  the  spec- 


tru&* 


In  the  examples  ,  the  following  values  are  chosen 

t_  ■  0.01  aec,  w  ■  16  sec  un  *  0.9  sec  l,  E  *  0.6  • 

0  g  0  g 

The  spectrum  corresponding  to  the  parameters  is  shown  in  fig.  1. 


Figure  1.  Idealized  spectrum  of  ground  motion. 

For  further  information  about  the  simulation  technique,  reference  is  made 
to  lyrbye  16]. 

Four  earthquakes  of  15  sec  duration  were  used,  the  mean  value  m  ,  the 
standard  deviation  sft  and  the  maxi  mum  value  are  given  in  table  I. 

•X  - 


Table  I.  Earthquake  characteristics,  ttoits:  m/sec*. 


Earthq.  No. 

ma 

sa 

amax 

1 

0.000 

0.388 

1.256 

2 

0.002 

-=t 

O 

0 

o 

1.218 

3 

0.007 

0.360 

1.2lh 

k 

-0.001 

0.381 

1.367 

RESPONSE  CALCULATION 


Figure  2.  Nomenclature. 


At  story  No.  j  the  deflection  vector  at  time  t  is  called  u.  .  The  3 
components  of  the  vector  are  the  deflections  in  direction  of  the  x~Jind  y-axis 
and  the  rotation  about  the  z-axes,  the  deflections  concern  the  intersection  of 
the  z-axes  with  the  story.  ' 


The  mass  matrix  M.  is,  cf.  Dyrbye  [2], 
m.  0 

Vxj 


M 


J 
0 


“je*j  „ 


(l) 

% 
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vhere  I„.  is  the  massmoment  of  inertia  about  the  aasscentre  Gw-  . 

The  sectional  force  vector  S ■  et  tine  t  between  storys  Hos.  (5—1 ) 

.......  sj  r 

and  j  is  defined 

b.  -  <?,r  m 

~J ,r  »r 

T. 

0,r 

It  is  assumed  that  the  acceleration  during  the  tine  interval  t  <  t  <  t 
can  be  expressed  as 

a.  «  i  (q.  +  a.  (3! 

~0  2  ~j  ,r  ~J  ,r+l 

and  from  this  follows,  cf.  Ityrbye  [1»] 

~j,r+l  *  “~j ,r  +  ^~j,r+l  "  ~j,r* 

~j,m  “  "~j,r  +  ^j,r+l  ~j,r  T0%,r^  ^5‘ 


This  means  that  the  velocities  and  accelerations  at  the  time  t^^  can  be 
expressed  by  the  quantities  at  the  time  ty  and  by  the  deflections  at  the  time 


Dealing  with  response  to  seismic  actions,  it  becomes  necessary  to  take  damp¬ 
ing  into  account,  and  viscous  danping  is  assumed.  The  Btiffhess  and  damping  ma¬ 
trices  Kj  and  C_.  are  introduced,  and  at  time  t^j 

Sj.r»l  '  £j(Sj,r.l  '  V>,r.l>  *  '  Aj-l.rH>  l6) 

The  equation  Ho.  (6)  is  used  together  with  equation  (U)  to  express  u.  ^  : 

~j,r+l  *  +  %  +  tq  ~j.r+l 

*  %  4  V £j>" %%.r  -  ij-i.r  4  t  <%.»  "  11  <7) 

Hewton's  second  law  at  story  Ho.  j  at  the  time  t^  gives 

~j+l,r*l  “  ~j,r*l  +  ~j^i,r+i  ^ 

and  from  (5)  this  is  changed  into 

Sj.l.r.1  *  ~j,r.l  4  Sj(-Sb.r  4  Tf  “  8j.r  ‘  ToA).r»  (,) 

Let  u.  ,  u.  and  S.  _  he  known  for  j  •  1,2  ...  n  . 

~0  ,r  ,r 

Put  S.  -  ■  0  as  a  first  choice.  With  j  »  i  ,  u.  .  is  calculated  by 
(7),  and  thfafl  jBp  ~  is  found  from  (9)*  Then  u_  ii^ound  from  (7), 

~3  r+1  »o  on,  until  ^  i*  found  from  (9)* 

If  all  deflections,  velocities  and  accelerations  were  0  at  the  time  t^  , 
and  ve  also  put  Uq  }  and  fu  ,  equal  to  0  ,  then  we  are  able  to  find  the 
contribution  from  8.  ,  . .  to  the  sectional  forces  8  .  .  ,  cf.  Dyrbye  [2] 

and  [If],  and  it  msy'i«1wktten  .  ~vntr*x 

As  no  external  forces  act  upon  the  top  of  the  structure,  £.  .  is  deter¬ 
mined  by  ’ 
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(10) 


§1  tr+l  ^  "-top 

Using  this  value  of  8,  j  ,  the  sectional  forces  and  the  deflections  of 
the  structure  at  time  t  ~  ’are  calculated  by  alternately  use  of  eqs.  (7)  and 
(9),  and  then  ▼elocitiesrand  accelerations  at  time  t  j  are  found  from  the 
equations  (U)  and  (5). 

NUMERICAL  EXAMPLES 

3  different  structures  are  considered,  2  of  them  are  3  story  buildings 
(examples  1  and  2)  and  1  is  a  6  story  building  (example  3)*  Each  structure  is 
subjected  to  4  simulated  earthquakes,  cf.  sect.  2,  vith  the  motion  in  the  x- 
direction. 

The  x-  and  y-axis  are  main  axis  for  the  stiffness,  •which  in  all  the  exam¬ 
ples  has  the  same  value  in  all  storys,  and  at  each  stozy  the  damping  is  assumed 
proportional  to  the  stiffness. 

For  each  story,  the  stiffness  against  translation  is  30  MN/m,  and  against 
rotation  it  is  900  MNm/rad.  The  damping  coefficients  are  0.2  MN/(m/sec)  against 
deflection  and  6  MNm/(rad/see)  against  rotation. 

At  each  example,  the  eccentricities  e  .  are  all  0  ,  the  eccentricities 
ey-  are  identical  at  all  storys  varying  be$Jeen  0  and  1  m  .  In  the  3-story 
buildings  eyj  takes  the  values  0,  0.2,  0.U,  0.6,  0.8  and  1.0  m,  in  the  6 
story  building  only  values  0,  0.5  and  1.0  m  are  chosen. 

Maximum  values  of  shear  forces  and  of  torsional  moments  Tj  are  cal¬ 

culated  corresponding  to  the  1*  artificial  earthquakes  mentioned  in  the  section 
ground  motion.  Results  are  presented  corresponding  to  the  mean  value  plus  or 
minus  the  standard  deviation. 

4 

Example  1.  The  building  has  3  storys.  All  m:  =  5*10  kg  and  all  I..  * 

*  5.o*105  kgm.  The  natural  frequencies  are  1.73  Hz,  1* .86  Hz  and  j 
7.03  Hz. 

The  maximum  response  values  are  given  in  Table  II. 

Table  II.  Maximum  response.  Units  kN  and  kNm. 


e  .  (m) 
yi 

0.0 

0.2 

0.1+ 

0.6 

0.8 

1.0 

Si 

307-375 

306-37U 

30U-37L 

300-37** 

296-376 

307-377 

236-306 

23l»-306 

231-305 

229-305 

228-301* 

237-303 

Sc3 

137-173 

136-173 

135-173 

131-173 

131-173 

11*0-172 

T1 

0 

97-lUl 

195-279 

293-415 

389-51*5 

1*83-667 

T2 

0 

77-115 

152-226 

23!*— 316 

306-1*30 

382-521* 

T3 

0 

90-128 

136-178 

178-238 

222-281* 

The  shearforces  O .  are  almost  independent  of  the  eccentricity,  where as 
the  torsional  moment  isnBearly  proportional  to  the  eccentricity,  see  fig.  3. 
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figure  3.  3-story  building  with  identical  Basses.  Torsional  moment  in  the 
bottom  story. 

Example  2.  The  building  has  3  storys.  m,  ■  su  ■  5*104  kg,  m_  *  2.5*  104  kg,  I„ 
Ij^  *  5.6*10s  kgm,  I„  ■  2.8* 10s  kgm  .  Tn  e  natural  frequencies  are  f^  *  1 

2.02  Hz,  f2  *  5*51  Hz,  f3  «  7.53  Hz. 

The  maximum  response  values  are  given  in  table  III. 


Table  III.  Maximum  response.  Units  k5  and  kKm. 


mm 

o 

o 

mm 

0.1* 

mm 

0.8 

1.0 

Si 

ESI 

35i-»U5 

352-1*08 

353-397 

353-383 

352-366 

St2 

I 

246-302 

21*7-299 

2U8-292 

2U8-28U 

248-272 

«*3 

I 

89-113 

89-111 

91-109 

90-106 

91-103 

T1 

I  I 

112-150 

221-297 

325-1*39 

1*19-563 

514-656 

T2 

I 

81-109 

160-211* 

238-311* 

313-1*01 

388-468 

T3 

U 

30-40 

59-79 

88-111* 

115-11*7 

147-173 

In  this  example,  the  standard  deviation  of  the  shear  forces  has  decreased 
as  the  eccentricity  increases  and  also  the  mean  values  are  decreasing,  but  only 
slightly. 


The  torsional  moments  increase  with  the  eccentricity,  but  not  proportional 
to  t^e  eccentricity,  see  fig.  1*. 


Figure  4.  Sxaqple  2.  Torsional 


it  in  the  bottom  story. 


Example  3.  The  building  has  6  storys.  All  mj  *  S‘101*  kg  and  all  3L.  * 
3.b*li>3  Xgm.  The  first  3  natural  frequencies  are  f,  *  0.94  Hz,  j 

f2  ■  2.76  Hz,  f3  ■  4.43  Hz. 

The  maximum  values  of  the  response  are  given  in  table  IV. 

Table  IV.  Maximum  response.  Units  kN  and  kNm. 


mm 

0 

0.5 

1.0 

«X1 

1*10-536 

398-533 

402-522 

«x2 

375-499 

364 -1*98 

387-481 

«x3 

31*3-1*29 

328-1*30 

333-441 

QxU 

293-351 

279-353 

264-376 

Qx5 

227-269 

216-270 

206-274 

«x6 

126-150 

119-151 

116-150 

T1 

0 

350-520 

730-934 

T2 

0 

322-488 

701-879 

*3 

0 

299-423 

625-783 

0 

278-334 

517-647 

*5 

0 

216-236 

406-468 

T6 

0 

118-128 

225-249 

CONCLUSION 

The  response  to  seismic  actions  of  framed  structures  with  eccentricities 
in  the  mass  distribution  has  been  calculated-  using  a  microcomputer  only.  The 
ground  motion  was  found  by  a  simulation  technique. 

Numerical  examples  demonstrate  that  shear  forces  are  rather  insensitive  to 
the  eccentricity,  and  also  that  torsional  momentB  may  be  rather  important  in 
case  of  eccentric  mass  distribution. 
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TOPOGRAPHICAL  AND  GEOLOGICAL  AMPLIFICATIONS 
DETERMINED  FROM  STRONG-MOTION  AND  AFTERSHOCK 
RECORDS  OF  THE  3  MARCH  1985  CHILE  EARTHQUAKE 

By  M.  Celebi 
Abstract 

Site-response  experiments  were  performed  5  months  after  the  M«  *  7 .6  control 
Chile  earthquake  of  3  March  1935  to  identify  ampifreatton  due  to  topography  and 

giology. 

Topographical  amplification  at  Canal  Beagle,  a  subdivision  of  VMa  del  Mar, 
was  hypothesized  immediately  after  the  main  event,  when  extensive  damage 
wee  observed  on  the  ridges  of  Canal  Beagle.  Using  frequency-dependent  spectral 
ratios  of  aftershock  data  obtained  from  a  temporarily  established  dense  array,  it 
is  shown  that  there  is  substantial  amplification  of  motions  at  the  ridges  of  Canal 
Beagle.  The  data  set  constitutes  the  first  such  set  depicting  topographical 
amplification  at  a  heavily  populated  region  and  eoneiates  weS  with  the  damage 
distribution  observed  during  the  main  event 

Dense  arrays  established  in  Vfta  del  Mar  also  yielded  extensive  data  which 
are  quantified  to  show  that,  in  the  range  of  frequencies  of  engineering  interest, 
there  was  substantial  amplification  at  different  sites  of  different  geologicai 
formations.  To  substantiate  this,  spectral  ratios  developed  from  the  strong-motion 
records  of  the  main  event  are  used  to  show  the  extensive  degree  of  amplification 
at  an  alluvial  site  as  compared  to  a  rock  aha.  Similarly,  spectral  ratios  developed 
from  aftershocks  recorded  at  comparable  stations  quaBtathrely  confirm  that  the 
frequency  ranges  for  which  the  amplification  of  motion?  occur  are  quite  similar 
to  those  from  strong-motion  records,  in  case  of  weak  motions,  the  denser  arrays 
established  temporarfly  as  described  herein  can  be  used  to  identify  the  frequency 
ranges  for  which  amplification  occurs,  to  quantify  the  degree  of  frequency- 
dependent  amplification  and  used  in  microzonation  of  closely  spaced  localities. 

Introduction 

The  3  March  1985  Central  Chile  earthquake  (Ms  *  7.8)  caused  a  variety  of 
damages  to  structures  in  the  townships  of  San  Antonio,  Melipilla,  Valparaiso,  and 
Vina  del  Mar  as  well  as  the  capital,  Santiago.  The  general  location  of  the  epicenter 
of  the  main  shock  and  some  of  the  important  aftershocks  and  heavily  affected  areas 
are  depicted  in  Figure  1. 

At  the  coastal  town  of  Vina  del  Mar,  some  engineered  structures  with  unique 
architectural  features  suffered  extensive  damage.  And  at  Canal  Beagle,  a  subdivision 
of  Vina  del  Mar,  the  damages  inflicted  on  the  three  distinctive  types  of  buildings, 
situated  on  a  hilltop  crowned  by  ridges  and  canyons,  indicated  specific  ridge  effects 
as  a  result  of  the  earthquake.  While  the  four-stoiy  buildings  in  the  canyon  did  not 
suffer  any  damage  and  only  two  of  the  many  single-  and  two-story  buildings  on  top 
of  the  hill  suffered  minor  damage,  on  the  ridges  all  of  the  four-  and  five-story 
buildings  were  extensively  damaged,  some  beyond  repair.  In  Figure  2,  a  general 
location  map  of  Vina  del  Mar,  Canal  Beagle  and  surroundings,  latitudes  and 
longitudes,  as  well  as  general  topography  and  geology  are  shown. 

The  purpose  of  this  paper  is  to  present  results  related  to  topographical  and 
geological  amplifications  using  selected  sets  of  aftershock  data  obtained  from  dense 
arrays  established  temporarily  at  Vina  del  Mar  and  its  subdivision,  Canal  Beagle, 
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PlG.  1.  Main  papulation  centers  affected  by  the  main  chock  and  aftershock  of  the  3  March  1985 
Chile  earthquake!. 

approximately  5  months  after  the  main  event.  The  data  set  from  Canal  Beagle 
represents  the  first  such  set  of  data  depicting  topographical  amplification  in  a 
heavily  populated  area.  The  findings  correlate  well  with  the  damage  distribution 
observed  after  the  main  event.  The  scope  of  the  paper  includes  description  of  the 
site-response  experiments,  the  data  obtained,  and  the  identification  of  the  topo¬ 
graphical  and  geological  amplifications  as  a  function  of  frequency.  The  discussion 
of  the  geological  amplification  is  further  substantiated  by  using  the  Bpectra  obtained 
from  the  strong-motion  records  of  the  Chilean  strong-motion  network  (Saragoni  et 
al.,  1986). 

Previous  theoretical  and  experimental  studies  on  ridge  effects  were  performed  by 
a  number  of  authors  including  Boore  (1972, 1973),  Davis  and  West  (1983),  and  Bard 
and  Tucker  (1985).  Shiga  et  al.  (1979)  have  performed  theoretical  studies  on  effects 
of  irregular  geophysical  features  on  seismic  ground  motions.  The  results  of  their 
study  of  the  features,  particularly  of  hills,  display  various  degrees  of  freqency- 
dependent  amplification  of  motion.  Ridge  effects  have  been  observed  in  many  hill 
towns  of  southern  Italy  during  postearthquake  studies  of  the  Campania-Basilicata 
(Italy)  earthquake  of  1980  (Lagorio  and  Lager,  1981;  Alexander,  1986).  Steinbrugge. 
(1986,  private  communication)  and  Donovan  (1986)  have  observed  topographical 
effects  in  other  parts  of  the  world.  The  use  of  spectral  ratios  in  describing  amplifi¬ 
cation  of  ground  motions  at  different  sites  is  discussed  by  Gibbs  and  Borcherdt 
(1974)  and  Rogere  et  al.  (1984). 

Structural  damage  surveys  related  to  the  3  March  1985  Chile  earthquake  is  not 
intended  herein.  Detailed  information  on  structural  damage  surveys  hpve  been 
documented  by  Celebi  (1985),  Wyllie  et  al.  (1986),  and  Monge  et  al.  (1986).  It  is  not 
intended  to  include  extensive  data  sets  related  to  the  experiments  either.  These 
have  been  documented  elsewhere  (Qelebi,  1986). 

In  the  site-response  studies  presented  herein,  the  General  Earthquake  Observa¬ 
tion  System  recorders  and  related  peripherals  were  used.  The  General  Earthquake 
Observation  System  is  discussed  in  detail  by  Borcherdt  et  al.  (1985).  During  the 
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course  of  these  experiments,  the  three-component  package  Mark*  Products  L22- 
three -dimensional  velocity  transducers  and  the  three-component  package  Kineme- 
trics*  FBA-13  acceleration  transducers  were  used. 

Organization  of  the  Paper 

Since  important  results  of  two  separate  experiments  are  discussed  in  this  paper, 
the  manuscript  will  be  divided  into  two  parts:  Part  I  will  be  devoted  to  topographical 
amplification  at  Canal  Beagle,  and  Part  II  will  be  devoted  to  geological  amplification 
at  Vina  del  Mar. 

Part  I:  Topographical  Amplification  at  Canal  Beagle 

Between  26  July  and  10  August  1986,  several  aftershocks  were  recorded  simulta¬ 
neously  in  most  of  the  stations  established  at  Canal  Beagle,  as  well  as  at  two 
reference  stations  (MUN  and  VAL)  in  downtown  Vina  del  Mar  (an  alluvial  site) 


*  Thera  an  commercial  name*  of  instnirnenta  uaad  only  and  do  not  constitute 
products. 
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and  at  Valparaiso  (an  amphibolite  gneiss  rock  site),  respectively.  Both  reference 
stations  were  in  the  vicinity  of  the  Chilean  Strong-Motion  Network  stations.  In 
Figure  3,  the  general  layout  of  the  Canal  Beagle  subdivision  is  shown;  the  three 
types  of  buildings  and  their  locations  are  indicated.  Also  indicated  in  this  figure  are 
the  ridges  and  the  stations.  In  Figure  4,  detailed  topography  and  the  locations  of 
the  stations  (CBA-CBG)  established  at  Canal  Beagle  are  depicted.  In  Figure  5, 
location  of  reference  station  VAL  is  shown.  The  Canal  Beagle  subdivision  stations 
(CBA-CBG)  were  all  sited  on  alluvial  deposits  and  decomposed  granite  (locally 
know  at  Maicillo).  In  selecting  the  particular  sites  of  stations,  care  was  taken  to 
have  representative  ridge,  canyon,  and  main  hilltop  locations  in  order  to  be  able  to 
distinguish  the  ridge  effect.  One  of  the  ridges  and  the  structures  on  it,  as  well  as 
the  geology,  are  depicted  in  Figure  6.  A  typical  damaged  structure  and  details  of 
damage  to  structural  components  are  shown  in  Figure  7.  Typical  profiles  of  the 
Canal  Beagle  area  are  shown  in  Figure  8.  These  profiles  will  be  used  in  future  work 
to  perform  theoretical  studies  of  amplification  of  these  ridges. 

For  the  sake  of  brevity,  only  one  typical  set  of  velocity  seismograms  of  one  event 
at  selected  stations  of  Canal  Beagle  as  well  as  the  reference  rock  station,  VAL,  is 
provided  in  Figure  9.  Referring  even  only  to  these  seismograms  whose  components 
are  plotted  to  the  same  scale,  it  is  possible  to  distinguish  that  the  ridges  are  subjected 
to  amplified  motions  as  compared  to  the  canyon  and  reference  rock  station,  VAL. 
Since  the  Canal  Beagle  stations  are  further  away  from  the  epicenter  than  the 
reference  rock  station,  VAL,  conservatively,  the  distance  effect  can  be  neglected; 
therefore,  the  spectral  ratios  of  stations  CBA/VAL  provided  in  Figure  10  display 
the  frequency-dependent  geological  amplification  at  Canal  Beagle  relative  to  the 
rock  station  in  Valparaiso.  On  the  other  hand,  since  Canal  Beagle  stations  are  close 
to  one  another  (see  Figure  4  for  scale)  and  all  are  sited  on  similar  geology,  the 
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Fig.  3.  General  layout  of  the  Canal  Beagle  subdiviton.  Types  of  buildings  and  their  locations  are 
indicated.  Also,  the  locations  of  the  temporary  seismograph  stations  are  shown. 
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FlC.  A.  Detailed  topography  of  Canal  Beaak.  The  ridge  and  the  buildings  on  them  as  well  as  the 
stations  established  for  aftershock  studies  art  indicated.  Details  of  contour  lines  are  shown  in  Figure  8. 
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Pig.  5.  Location  of  reference  station  VAL  (tame  site  of  the  accelerograph  station  of  Chilean  Strong- 
Motion  Network). 
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Fig.  6.  One  of  the  ridges  of  Canal  Beagle  and  structures  on  it  The  alluvial  deposits  of  the  ridge  can 
be  seen  in  this  figure. 


spectral  ratio  of  motions  at  a  ridge  station  with  respect  to  the  station  CBA  at  the 
canyon  represents  the  topographical  amplification  function,  T,(a) 


T,(u) 


A, (w) 

A,(») 


where  is  the  Fourier  amplitude  spectrum  at  station  i.  In  Figure  11  (a  to  d), 
then,  the  frequency-dependent  topographical  amplification  is  clearly  depicted  in  the 
spectral  ratio  plots  (between  0  to  10  Hz)  of  stations  on  the  ridges  with  respect  to 
station  CBA,  which  is  in  the  canyon. 

In  general,  the  spectral  ratios  show  that  the  frequency  ranges  for  which  horizontal 
amplification  of  motion  occurs  are  4  to  8  Hz  for  the  canyon  relative  to  the  rock  site 
(Figure  10)  and  2  to  4  Hz  as  well  as  8  Hz  for  the  ridges  of  Canal  Beagle  relative  to 
the  canyon  (Figure  11).  The  frequency  range  of  2  to  4  Hz  is  well  within  the 
fundamental  frequencies  of  the  four-  and  five-story  buildings  observed  to  be  heavily 
damaged  during  the  main  event  of  3  March  1985.  On  the  other  hand,  the  frequencies 
of  the  2  four-story  undamaged  buildings  in  the  canyon  are  outside  the  frequencies 
(4  to  8  Hz)  for  which  amplification  occurred  in  the  canyon  relative  to  the  rock  site. 
These  spectral  ratios  (as  well  as  others  to  follow)  were  smoothed  with  a  triangular 
weighting  function  with  width  of  0.15  Hz.  Other  sets  of  velocity  seismograms  and 
spectral  ratios  related  to  topography  of  Canal  Beagle  are  documented  elsewhere 
(Celebi,  1986).  The  spectral  ratios  of  other  events  corresponding  to  each  station 
indicate  similarities  and  show  repeatability  of  frequency-dependent  amplification. 
This  is  clearly  depicted  in  the  superimposed  spectral  ratios  from  two  or  three  events 
(as  available)  presented  in  Figure  12. 
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Fig.  10.  Spectral  ratio*  of  event  on  ®  July  1985  (Julian  210)  at  06:52  UTC  for  the  vertical  and 
horizontal  components  (N-S  and  E-W),  respectively,  of  stations  CBA/VAL. 


Fig.  11.  (a)  Spectral  ratios  of  event  on  29  July  1985  (Julian  210)  at  06:52  UTC  for  the  vertical  and 
horizontal  components  (N-S  and  E-W),  respectively,  of  stations  CBB/CBA.  Station  CBB  is  on  one  of 
the  ridges,  and  station  CBA  is  in  the  canyon.  Spectral  ratios  of  event  on  29  July  1985  ( Julian  210)  at 
06:52  UTC  for  the  vertical  and  horizontal  components  (N-S  and  E-W),  respectively,  of  stations  (b)  CBC/ 
CBA.  (c)  CBE/CBA,  and  (d)  CFB/CBA.  Stations  CBC,  CBE,  and  CBF  are  on  the  ridges. 


Of  particular  interest  are  the  spectral  ratios  in  Figure  13  of  the  ridge  stations 
relative  to  the  rock  site  (VAL)  station.  These  spectral  ratios  depict  higher,  ordinates 
(amplification)  due  to  the  fact  that  they  contain  both  topographical  and  geological 
effects  while  those  spectral  ratios  in  Figure  11  contain  only  topographical  effects 
(ridge  versus  canyon).  Qualitatively,  the  ridge  versus  rock  station  spectral  ratios 
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(Figure  13)  show  peeks  of  horizontal  emplification  of  motion  around  3  Hz  (as  in 
Figure  11).  '■ 

Ultimately,  the  spectral  ratios  can  be  used  in  microzonatjon  of  these  sites  or  of 
similar  sites  with  ridges.  One  such  similar  site  in  Vina  del  Mar  is  the  subdivision  of 
Gomez  Carreno,  which  also  suffered  considerable  damage  during  the  3  March  1985 
event  Another  site  recently  visited  by  the  author  is  the  La  Foresta  development  in 
•  Santiago  (approximately  120  km  from  the  epicenter),  where  the  homes  on  the  ridges 
were  damaged  during  the  same  event  while  others  on  the  flat  areas  were  not 

Past  IT.  Geological  and  Topographical  Amplifications  in 

ViSa  del  Mar 

Stations  established  in  Vina  del  Mar  are  shown  in  Figures  14  and  15.  The  stations 
EAC,  BEN,  and  TRA  were  established  at  basements  of  three  significant  buildings 
(Edificio  Acapulco,  EdifidoEl  Faro,  and  Edificio  de  Miramar),  respectively,  founded 
on  sand  (on  the  coast).  Of  these,  Edificio  Acapulco  and  Edificio  El  Faro  were 
severely  and  extensively  damaged  during  the  main  event  Edificio  El  Faro,  built  on 
sand  dune  hills  of  Renees,  had  tilted  due  to  crushing  of  first-floor  shear  walls  and 
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was  later  dynamited.  Edificio  de  Miramar  was  not  damaged.  Alluvial-site  station 
MUN  (also  a  reference  station)  was  located  at  the  basement  of  the  Municipality 
Building.  Detailed  pictures  and  descriptions  of  structural  damages  are  documented 
elsewhere  by  Celebi  (1985, 1986),  and  Wyllie  et  al.  (1986). 

Figure  16  provides  velocity  seismograms  (plotted  to  the  same  scale  for  each 
component)  of  a  single  event  recorded  at  the  stations  mentioned  above.  These 
seismograms  also  show  considerable  amplification  of  motion  at  nonrock  sites 
compared  to  the  rock  site  (VAL).  Figure  17  (a  to  d)  show  spectral  ratio  plots 
(between  0  to  10  Hz)  of  one  event  at  each  one  of  the  stations  listed  above  with 
respect  to  station  VAL,  respectively.  Again,  considerable  frequency-dependent 
amplification  of  motions  (particularly  for  frequencies  of  1  to  4  Hz)  at  the  sand  and 
alluvial  sites  are  displayed  in  these  figures.  Spectral  ratios  of  stations  REN/VAL 
reflect  both  geological  and  topographical  effects  and  the  others  reflect  only  geological 
effects. 
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Amplification  Quantified  from  the  Strong-Motion  Records  of 

3  March  1985 

In  Figure  18,  the  (vertical,  N-S,  and  E-W  components)  spectral  ratios  developed 
from  the  main  shock  records  of  3  March  1985  are  shown  for  stations  in  Valparaiso 
(University  of  Santa  Maria — a  gneiss  amphibolite  rock  site)  and  in  Vina  del  Mar 
(an  alluvial  site).  Only  these  two  stations  correspond  to  the  dense  array  stations 
established  temporarily  for  recording  the  aftershocks  described  earlier.  The  strong- 
motion  data  used  to  obtain  the  Fourier  spectra  and  the  spectral  ratios  have  been 
obtained  and  digitized  by  the  Chilean  Strong-Motion  Network  operated  by  Saragoni 
et  al.  (1985).  The  seismogram  and  spectral  ratio  plots  dramatically  display  the 
amplification  of  three-component  motions  at  an  alluvial  site  (near  station  MUN) 
with  respect  to  a  rock  site  (same  as  VAL)  during  the  main  strong-motion  event  and 
show  peaks  in  the  range  of  0.5  to  1.5  sec.  This  same  trend  is  exhibited  in  the  weak- 
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Fig.  15.  Location  of  station  REN  in  Reneca,  a  suburb  of  Vina  del  Mar. 

motion  spectral  ratios  corresponding  to  stations  MUN/VAL  presented  in  Figure 
lTd.  Comparison  of  Figure  17d  (weak-motion  spectral  ratios)  and  Figure  18  (strong- 
nvition  spectral  ratios),  at  a  minimum,  qualitatively  indicates  that  the  weak-motion 
spectral  ratios  exhibit  much  greater  amplification  than  the  strong-motion  spectral 
ra  ios.  On  the  other  hand,  the  frequency-dependent  amplification  of  motions  at 
Vina  del  Mar  with  respect  to  Valparaiso  show  amplification  in  similar  frequency 
ranges  for  either  strong  or  weak  motions.  However,  any  differences  should  be 
attributed  to:  (a)  the  Vina  del  Mar  strong-motion  data  station  is  approximately  100 
m  from  the  weak-motion  data  station  and  therefore  there  is  possibility  of  change  of 
soi!  profile;  (b)  acceleration  records  of  strong-motion  data  and  velocity  records  of 
weak-motion  data  are  used  to  obtain  spectral  ratios;  (c)  there  was  no  time  synchro¬ 
nisation  of  the  strong-motion  data  from  Valparaiso  and  Vina  del  Mar  and,  therefore, 
th(  77  sec  of  the  strong-motion  data  used  to  obtain  the  spectral  ratios  provide  only 
a  qualitative  spectral  ratio  and  not  an  exact  comparison;  (d)  the  horizontal  com¬ 
ponents  of  the  strong-motion  data  have  been  rotated  from  their  actual  orientations 
to  N-S'and  E-W  directions  to  provide  the  comparison  with  the  aftershock  data;  and 
(e<  effect  of  possible  nonlinear  response  of  soil. 

In  addition,  Figures  19  and  20  provide  the  relative  velocity  and  absolute  acceler¬ 
ate  n  response  spectra  traced  from  plots  of  Saragoni  et  al.  (1985)  (only  the  0  per 
cen:  damping  spectra  are  traced  for  comparison  purposes).  Since  the  spectral  ratios 
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FlC.  17.  (a)  Spectral  ratios  of  event  on  4  August  1986  (Julian  216)  Bt  18:57  UTC  for  the  vertical  and 
horizontal  components  (N-S  and  E-W),  respectively,  of  stations  EACA'AL.  (b)  Spectral  ratios  of  event 
or,  4  August  1985  (Julian  216)  at  18:57  UTC  for  the  vertical  and  horizontal  components  (N-S  and  E- 
Wi.  respectively,  of  stations  REN/VAL.  (c)  Spectral  ratios  of  event  on  4  August  1985  (Julian  216)  at 
1N57  UTC  for  the  vertical  and  horizontal  components  (N-S  and  E-W),  respectivelv,  of  stations  TRA/ 
VAL.  (d)  Spectral  ratios  of  event  on  4  August  1985  (Julian  216)  at  18:57  UTC  for  the  vertical  and 
horizontal  components  (N-S  and  E-W),  respectively,  of  stations  MUNA’AL. 


fmm  the  weak-motion  as  well  as  the  strong-motion  data  and  the  response  spectra 
from  the  strong-motion  data  indicate  the  same  trend  of  the  frequency-dependent 
amplification  at  Vina  del  Mar  with  respect  to  Valparaiso,  there  is  sufficient  evidence 
to  indicate  that  the  spectral  ratios  from  weak  motions  at  other  localities  are  valid 
just  as  well  to  identify  those  frequency  ranges  for  which  amplification  of  motions 
should  be  expected  during  strong-motion  events.  This  point  is  further  justified  by 
the  superimposed  weak-motion  spectral  ratios  of  the  ridges  (Figure  12)  which  show 
good  repeatability. 

Conclusions 

The  objective  of  this  paper  is  to  demonstrate  quantitatively  and  qualitatively  the 
frequency-dependent  amplification  at  sites  with  different  geology  and  topography. 
B>  using  the  spectral  ratios  of  motions  obtained  from  aftershocks  recorded  at  ridges 
and  sites  of  differing  geology,  it  can  be  asserted  that  amplification  did  take  place 
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during  the  occurrence  of  aftershocks  as  well  as  during  the  main  shock.  It  must  be 
remembered  that  observations  of  distribution  of  damage  to  structures  on  the  ridges 
and  at  soft  soil  sites  during  the  main  event  were  the  primary  reason  to  look  into 
the  problems  of  amplification  of  motions  in  central  Chile.  This  has  been  accom¬ 
plished  by  recording  the  aftershocks  and  obtaining  the  spectral  ratios.  It  is  believed 


Fig.  19.  Relative  velocity  (horizontal)  response  spectra  (0  per  cent  damping)  of  records  obtained  at 
Valparaiso  (rock  site)  and  Vinna  del  Mar  (alluvial  site)  during  the  main  event  of  3  March  1985  (Af,  = 
7.,v  t  from  Saragoni  et  a!.,  1985). 


0  1  2  3  a 

NATURAL  PERIOD  (seconds) 

Fig.  20.  Absolute  acceleration  (horizontal)  spectra  (0  per  cent  damping)  of  records  obtained  at 
Aslparaiso  (rock  site)  and  Viha  del  Mar  (alluvial  sitei  during  the  main  event  of  3  March  1985  (Af,  « 
■  .81 1  from  Saragoni  et  at.,  1986). 
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that  the  spectral  ratios  presented  herein  serve  the  purpose  well  by  qualitatively 
identifying  the  frequency  ranges  for  which  amplification  of  motion  takes  place  in 
different  localities  of  different  topography  and  geology.  The  user  of  these  results 
should  be  careful  not  to  generalize  these  phenomena  to  all  sites  without  careful 
evaluation  and  correlation  with  the  similarities  of  the  sites  in  question.  Furthermore, 
the  user  should  always  note  .that  while  these  results  can  be  used  to  increase  seismic 
design  forces  in  one  way  or  another,  it  is  just  as  important  to  provide  adequate 
quality  control  into  L.e  details  of  design  and  construction  practices.  In  other  words, 
frequency -dependent  amplification,  while  influencing  the  performance  of  structures 
in  central  Chile  during  the  3  March  1985  event,  should  not  be  taken  as  the  sole 
contributor  to  the  damages  and  destruction  experienced  and  observed. 
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